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The  objective  of  this  research  was  to  .  >bt  i  in  a  basic  nnderst  and  in.-  ■/'  the  r»  act  ion 
nechan ism  of  sulfur  dioxide  with  cobalt  and  chromium  ami  t  >  use  tui-  mJl  r  i:i>.  to 

analyse  t  he  .".ore  complex  reaction  ’nee  ban  ism  of  .u:  1  fur  dioxide  with.  t.ofr.M v  coat  in--. 

A  basic  premise  in  achieving  the  objective  was  that  the  reaction  mec  hoi;  i  si:,x  oi  sulfur 
dioxide  with  cobalt  and  chromium  are  similar  and  can  be  described  in  two  b.isi.  step*: 

1.  SO.,  — ■ * — ►  'd  (  0)  +  (S)  on  the  surface 

2.  -'(0)  +  SO',— —►Su;  on  the  surface. 

;'sing  x-ray  photoelectron  spectroscopy  (XPS),  it  was  found  that  sulfur  dioxide  re¬ 
acted  with  the  oxide-free  surfaces  of  single  crystal  Co (0001 )  and  Cr(llu)  as  described 
above.  The  rates  of  these  reactions  were  found  to  be  similar  for  the  two  metals.  .No 
appreciable  difference  in  activation  energies  could  be  determined  with  the  exposures 
used  of  75^ml!g  and  1  atm  pressure  sulfur  dioxide  .it  100°,  230°,  and  300°C  for  tin.es 
of  l,  5,  and  15  min. 

-Quantitative  deptli  profiling  by  XPS  e>f  the  CoCrAlY  coatings  showed  that  at  each  of 
three  chromium  contents  (20,  29,  and  35  weight  percent)  the  initial  oxide  films  on  the 
coatings  were  all  basically  aluminum  oxide  with  an  yttrium-rich  phase,.  The  yttrium-rich 
phase  was  tentatively  identified  as  yttrium  aluminum  garnet.  This  sifrrilarity  in  all  of 
the  initial  oxide  films  indicated  that  the  hot  corrosion  benefit  derived  by  increasing 
the  chromium  content  of  these  coatings  must  be  in  improving  the  hot  corrosion  resistance 
of  the  coating  under  the  oxide  film.  For  this  reason  ids. -free  surfaces  of  the  CoCrAlY 
coatings  with  20  and  35  wt  7,  chromium  were  exposed  lo  1  atm  pressure  sulfur  dioxide  for 
1,  5,  15,  30,  and  60  min  at  230°C.  Both  coatings  formed  "cobalt-sulfate"  and  "chromium- 
sulfate"  in  a  manner  similar  to  that  described  above  for  the  elemental  cobalt  and  chromium. 
In  addition,  increasing  the  chromium  content  of  the  coatings  reduced  the  amount  of  cobalt 
sulfate  formed.  This  in  turn  was  related  to  the  formation  of  sigma  phase  in  the  high 
chromium  coating.  The  sigma  phase  was  theorized  to  be  a  more  difficult  surface  on  which 
to  form  cobalt  or  chromium,  sulfate  ns  compared  to  the  alpha  and  beta  phases  present  in 
the  lower  chromium  .eating.  The  formation  of  the  sigma  phase  is  believed  to  retard  the 
over a 1 1  >,  rr.  .ion  process. 

A  cluster  of  ten  cobalt  and  two  oxygen  atoms  was  used  to  model  the  second  part  of 
the  reaction  mechanism  described  above.  The  approximate  energies  of  the  electrons  in 
the  cluster  were  calculated  with  the  SCF-Xcv-SW  method  and  the  electron  levels  most  likely 
involved  in  the  sulfate  formation  identified.  This  information  could  provide  a  means  to 
analyze  the  seconJ  part  of  the  reaction  mechanism  as  it  occurs  on  other  metals  whose 
sulfates  are  not  as  detrimental  as  that  of  cobalt  or  to  devise  an  alloying  scheme  that 
would  impede  this  reaction  step. 


i  AtOJSiC  ’  K>r 


one 


flv 


/H 


1 


CONTENTS 


Page 


ABBREVIATIONS  .  x 

ABSTRACT  .  1 

ADMINISTRATIVE  INFORMATION  .  2 

INTRODUCTION  .  3 

PROBLEM  SYNOPSIS  .  3 

HOT  CORROSION  .  4 

REACTION  MECHANISMS  OF  SULFUR  DIOXIDE  WITH 

METALS  (GENERAL)  .  7 

REACTION  MECHANISM  OF  SULFUR  DIOXIDE  WITH 

COBALT  AND  CHROMIUM  (PROPOSED)  .  10 

MOLECULAR  ORBITAL  THEORY  AND  CLUSTER  MODEL  OF 

CHEMISORPTION  (GENERAL  THEORY)  . 14 

MOLECULAR  ORBITAL  THEORY  AND  CLUSTER  CALCULATIONS 

(APPLICATION  TO  THIS  PROBLEM)  .  20 

THEORY  AND  OBJECTIVE  OF  THIS  RESEARCH  .  23 

EXPERIMENTAL  PROCEDURE  .  25 

X-RAY  PHOTOELECTRON  SPECTROSCOPY  .  25 

Theory  and  Equipment  .  25 

Quantification.. .  31 

DEPTH  PROFILING  .  3  5 

SAMPLE  PREPARATION  .  35 

CoCrAlY  .  35 

Cobalt  and  Chromium  .  38 


iii 


CONTENTS  (Continued) 


Page 


SULFUR  DIOXIDE  EXPOSURES  .  39 

Reaction  Cell  . .  39 

Procedure  .  4  1 

Sulfate  and  Sulfide  Identification  .  11 

CLUSTER  CALCULATIONS  .  48 

RESULTS  AND  DISCUSSION  .  49 

QUANTITATIVE  ANALYSIS  OF  OXIDE  LAYER  ON  CoCrAlY  .  49 

REACTION  OF  COBALT  AND  CHROMIUM  WITH  SULFUR  DIOXIDE  .  59 

KINETICS  STUDY  OF  SULFUR  DIOXIDE  REACTION  WITH  COBALT 

AND  CHROMIUM  .  6  5 

REACTION  OF  OXIDE-FREE  CoCrAlY  WITH  SULFUR  DIOXIDE  .  70 

SIGMA  PHASE  FORMATION  IN  CoCrAlY  COATINGS .  78 

COBALT  CLUSTERS  AS  PRECURSORS  TO  COBALT 

SULFATE  FORMATION  ON  CoCrAlY .  87 

CLUSTER  CALCULATIONS  .  89 

SUMMARY  .  9  8 

ACKNOWLEDGMENTS  .  100 

APPENDIX  A.  CALCULATIONS  USED  FOR  FREE  ENERGY 

CHANGE  OF  REACTIONS  .  101 

APPENDIX  B.  THE  SCF-Xa-SW  METHOD  FOR  CALCULATING 

THE  ONE-ELECTRON  ENERGIES  OF  CLUSTERS  .  103 


APPENDIX  C.  SPUTTER  RATE  STANDARD  PREPARATION  PROCEDURES .  109 


iv 


CONTENTS  (Continued) 


Page 


APPENDIX  D.  FIRST  ORDER  REACTION  RATE  CALCULATIONS  .  Ill 

APPENDIX  E.  PROBABILITY  CALCULATION  OF  VARIOUS  SIZE 

CLUSTERS  .  113 

APPENDIX  F.  EFFECT  OF  SIGMA,  BETA,  AND  ALPHA  PHASES  IN 

CoCrAlY  ON  PROBABILITY  CALCULATIONS  .  115 

REFERENCES  .  119 


FIGURES 

1.  FCC  (110)  crystallographic  plane  where  "a"  marks  the  long 

twofold  bridge  sites .  11 

2.  Model  of  SO2  surface  reaction  with  cobalt  and  chromium .  12 

3.  Model  for  Hj  adsorption  on  a  nickel  surface .  17 

4.  Six  atom  cluster  of  aluminum  and  oxygen .  19 

5.  Electron  density  distribution  in  the  five  atomic 

d-orbitals  .  22 

6.  Molecular  orbitals  of  sulfur  dioxide .  24 

7.  Schematic  representation  of  x-ray  photoelectron  emission...  26 

8.  Lens-analyzer  assembly .  27 

9.  Typical  CoCrAlY  XPS  spectra  after  sputtering 

through  initial  oxide  layer . . .  29 

10.  Sampling  depth  in  XPS  as  represented  by  a  plot  of  escape 

depth  against  kinetic  energy  of  the  escaping  electron  .  30 


FIGURES  (Continued) 


11.  Specimen  configuration . 

12.  Reaction  cell . . 

13.  XPS  spectra  of  Co  and  Cr  2p3,2  and  2pi  2  peaks 

in  a  CoCrAlY  coating . 

14.  Co  2p3  2  peak  synthesis  using  superposition  of 

5  gauss i ans . 

15.  Co  2p3  2  peak  synthesis  using  superposition  of  5 


Page 

36 

40 

44 

4  6 


gaussians  plus  sixth  gaussian  for  sulfate  identification...  47 
Surface  composition  of  20Cr  CoCrAlY  as  determined  by  XPS 

as  a  function  of  depth  of  sputtering .  53 

Surface  composition  of  29Cr  CoCrAlY  as  determined  by  XPS 

as  a  function  of  depth  of  sputtering .  54 

Surface  composition  of  35Cr  CoCrAlY  as  determined  by  XPS 

as  a  function  of  depth  of  sputtering .  55 


Atomic  %  sulfide  and  sulfate  vs.  time  for  sulfur  dioxide 
exposures  of  Cr(110)  and  Co(0001)  at  75y  mHg  pressure 

and  2 30  °C  .  60 

Atomic  %  sulfide  and  sulfate  vs.  time  for  sulfur  dioxide 
exposures  of  Cr(110)  at  1  atmosphere  pressure  and  230®C....  62 

Atomic  %  sulfide  and  sulfate  vs.  time  for  sulfur  dioxide 
exposure  of  Co(0001)  at  1  atmosphere  pressure  and  230°C....  63 

Atomic  %  sulfide  and  sulfate  vs.  adjusted  time  scale  for 
sulfur  dioxide  exposures  of  Cr(110)  and  Co(0001) 

at  75y  mHg  and  1  atmosphere  pressure  at  230°C .  64 


vi 


£225 


FIGURES  (Continued) 


Page 

23.  Atomic  %  sulfide  and  sulfate  .s.  time  for  sulfur  dioxide 
exposure  of  C r (  110)  and  Co(0001)  at  75u  mHg  pressure 

and  100°C . 67 

24.  Atomic  %  sulfide  and  sulfate  vs.  time  for  sulfur  dioxide 
exposure  of  Cr(110)  and  Co(0001)  at  75y  mHg  pressure 

and  300  °C . * .  68 

25.  Atomic  %  of  sulfate  species  of  cobalt  and  chromium  formed 
on  35Cr  CoCrAlY  at  230°C  on  exposure  to  sulfur  dioxide 

at  1  atm  pressure .  72 

26.  Atomic  %  of  sulfate  species  of  cobalt  and  chromium  formed 
on  20Cr  CoCrAlY  at  230°C  on  exposure  to  sulfur  dioxide 

at  1  atm  pressure .  73 

27.  Atomic  %  of  "Cr-sulfate"  as  produced  on  20Cr  and 

35Cr  CoCrAlY  at  230°C  on  exposure  to  sulfur  dioxide  at 
1  atm  pressure .  76 

28.  Atomic  %  of  "Co-sulfate"  as  produced  on  20Cr  and 

35Cr  CoCrAlY  at  230°C  on  exposure  to  sulfur  dioxide  at 


1  atm  pressure .  77 

29.  Optical  photomicrograph  of  20Cr  and  35Cr  CoCrAlY’s .  79 

30.  Atom  positions  in  CoCr  sigma  phase  on  the  z-0  plane .  84 

31  .  Atom  positions  in  CoCr  sigma  phase  on  the  z=l/2e  plane .  85 


vii 


FIGURES  (Continued) 


Page 

32.  Geometry  of  "Co-oxide”  cluster,  SO2,  SO«,  and 


"Co-sulfate"  cluster .  KH 

33.  Cluster  of  10  cobalt  and  2  oxygen  atoms .  91 

34.  Tetrahedral  cluster  of  four  cobalt  atoms  .  97 

35.  Regions  of  a  cluster .  105 


TABLES 


1.  XPS  binding  energy  locations  and  Kratos  quantification 

factors .  3  3 

2.  Yttrium,  aluminum,  and  oxygen  XPS  peak  identification .  34 

3.  CoCrAlY  coating  composition .  38 

4.  2 p 3  /  2  XPS  peak  locations  for  cobalt  and  chromium .  43 

5.  Surface  composition  of  20Cr  CoCrAlY  as  determined  by  XPS 

as  a  function  of  accumulated  sputter  time .  50 

6.  Surface  composition  of  29Cr  CoCrAlY  as  determined  by  XPS 

as  a  function  of  accumulated  sputter  time .  51 

7.  Surface  composition  of  35Cr  CoCrAlY  as  determined  by  XPS 

as  a  function  of  accumulated  sputter  time  .  52 

8.  Atomic  X  of  "Co-sulfate"  as  in  the  Co  2p3  2  peak  and 

Atomic  %  of  " Cr-su 1 f ate "  as  in  the  Cr  2pj  2  peak  as 

produced  ori  the  20Cr  and  35Cr  CoCrAlY  for  various  times 

of  exposure  at  230°C  to  1  atm  sulfur  dioxide .  71 


i  AHl.kS  I  Cunt  l  riuod  l 


k  a  t  i  o  v  .»t'  s  u  .  f  a  t  f  s  [ .  r  •  nl  u<  e'1  in  Y  ')< '  r  and  r  ( '  <  >'  r  \  I  'i  1  h  . 

I1- .«  i  t  i  •  -ris  in  *  h»-  *  >•  t  >  ag'  na  1  un  i  *  .  *•  i  1  .f 

s  i  k>ma  1  'o< '  r . 

\  t  .it,  s  i  *  i  n  s  :  n  a  ♦  >dm  1  t  ,  fi  < .  -  t».-n  -  I  n  s  *  r . 

■\p['iii\  i  mat  f  e  [a  - 1  (?  !  «  ^  uf  df-gntit-rat  »•  <.  a  I  <•  in  ■  :  <  •  v  *■*  I  nrtii  t  » 

for  a  ■•lust  or  of  ton  oha  1  t  and  t  u. .  oxygon  at  us . 

i  ’  on  \  p  r  god  o  no  r  g i o  s  • .  {'  dogonorato  \  a  I  o  n  o  1  *  %  >•  I  <  >  r  h  l  '  a  i  >■ 

for  a  tetrahedral  '-lust  or  of  f  .  ,ur;  •  d>a  I  *  atoms . 


ABBREV 1  AT  I  OSS 


Angst  rom 

Aberrat i on-compensated  input  lense 
Adsorbed 

\uger  electron  spectroscopy 
Atomic  percent 
Body  centered  cubic 

('lass  of  coatings  containing  cobalt,  chromium 

aluminum,  and  yttrium 

Face  centered  cubic 

Hexagonal ly  close  packed 

Highest  occupied  molecular  orbital 

Lowest  unoccupied  molecular  orbital 

Molecular  orbital 

I  0  '  3  torr 

Physical  vapor  deposition 

Self-consistent  field  x  alpha  scattered  wave 
l Itra-high  vacuum 

II  t  ra-violet  phot.oe  lectron  spectroscopy 
We i ght  percent 

X-ray  photoelectron  spectroscopy 


ABSTRACT 


When  gas  turbine  engines  are  used  in  a 
marine  environment,  the  blades  and  vanes  in 
the  hot  section  of  the  engine  suffer  a  form  of 
material  degradation  known  as  hot  corrosion. 

An  important  part  of  the  hot  corrosion  process 
involves  the  formation  of  cobalt  sulfate  by 
the  interaction  of  the  metal  blade  and  vane 
surfaces  with  the  sulfur  dioxide  present  in 
the  combustion  gas.  The  cobalt  sulfate  can 
form  a  molten  mixed-salt  with  the  sodium 
sulfate  present  in  the  sea  salt  ingested  by  the 
engine.  This  molten  salt  can  corrode  the  blades 
and  vanes.  Metallic  coatings  that  contain 
cobalt,  chromium,  aluminum,  and  yttrium  (CoCrAlY) 
are  used  to  extend  the  service  life  of  these 
parts.  Cobalt  is  the  base  element  in  these 
coatings;  chromium  is  the  primary  elemental 
constitutent  used  to  enhance  corrosion 
resistance;  and  aluminum  provides  oxidation 
res i stance . 

The  objective  of  this  research  was  to 
obtain  a  basic  understanding  of  the  reaction 
mechanism  of  sulfur  dioxide  with  cobalt  and 
chromium  and  to  use  this  understanding  to  analyze 
the  more  complex  reaction  mechanism  of  sulfur 
dioxide  with  CoCrAlY  coatings.  A  basic  premise 
in  achieving  the  objective  was  that  the  reaction 
mechanisms  of  sulfur  dioxide  with  cobalt  and 
chromium  are  similar  and  can  be  described  in 
two  basic  steps: 

1.  SO2  — ►  2(0)  +  (S)  on  the  surface 

2.  2(0)  +  SO2  — ►  SO4  on  the  surface. 

Using  x-ray  photoelectron  spectroscopy 

(XPS),  it  was  found  that  sulfur  dioxide  reacted 
with  the  oxide-free  surfaces  of  single  crystal 
Co(0001)  and  Cr(110)  as  described  above.  The 
rates  of  these  reactions  were  found  to  be 
similar  for  the  two  metals.  No  appreciable 
difference  in  activation  energies  could  be 
determined  with  the  exposures  used  of  75/u  mHg 
and  1  atm  pressure  sulfur  dioxide  at  100°, 

230°,  and  300°C  for  times  of  1 ,  5,  and 
15  min. 

Quantitative  depth  profiling  by  XPS  of 
the  CoCrAlY  coatings  showed  that  at  each  of 
three  chromium  contents  (20,  29,  and  35  weight 
percent)  the  initial  oxide  films  on  the  coatings 
were  all  basically  aluminum  oxide  with  an 


yttrium-rich  phase.  The  yttrium-rich  phase  was 
tentatively  identified  as  yttrium  aluminum 
garnet.  This  similarity  in  all  of  the  initial 
oxide  films  indicated  that  the  hot  corrosion 
benefit  derived  by  increasing  the  chromium 
content  of  these  coatings  must  be  in  improving 
the  hot.  corrosion  resistance  of  the  coating 
under  the  oxide  film.  For  this  reason  oxide-free 
surfaces  of  the  CoCrAlY  coatings  with  20  and 
35  wt  %  chromium  were  exposed  to  1  atm  pressure 
sulfur  dioxide  for  1,  5,  15,  30,  and  60  min  at 

230°C.  Both  coatings  formed  "cobalt-sulfate" 
and  "chromium-sulfate"  in  a  manner  similar  to 
that  described  above  for  the  elemental  cobalt  and 
chromium.  In  addition,  increasing  the  chromium 
content  of  the  coatings  reduced  the  amount  of 
cobalt  sulfate  formed.  This  in  turn  was  related 
to  the  formation  of  sigma  phase  in  the  high 
chromium  coating.  The  sigma  phase  was  theorized 
to  be  a  more  difficult  surface  on  which  to  form 
cobalt  or  chromium  sulfate  as  compared  to  the 
alpha  and  beta  phases  present  in  the  lower 
chromium  coating .  The  formation  of  the  sigma 
phase  is  believed  to  retard  the  overall  corrosion 
process . 

A  cluster  of  ten  cobalt  and  two  oxygen  atoms 
was  used  to  model  the  second  part  of  the  reaction 
mechanism  described  above.  The  approximate 
energies  of  the  electrons  in  the  cluster  were 
calculated  with  the  SCF-Xa-SW  method  and  the 
electron  levels  most  likely  involved  in  the 
sulfate  formation  identified.  This  information 
could  provide  a  means  to  analyze  the  second  part 
of  the  reaction  mechanism  as  it  occurs  on  other 
metals  whose  sulfates  are  not  as  detrimental  as 
that  of  <-.-,balt  or  to  devise  an  alloying  scheme 
that  would  impede  this  reaction  step. 
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INTRODUCTION 


PROBLEM  SYNOPSIS 

When  gas  turbine  engines  are  used  for  power  generation  in  a 
marine  environment,  the  blades  and  vanes  in  the  hot  section  of  the 
engine  suffer  a  form  of  material  degradation  known  as  hot  corrosion. 

In  brief,  the  hot  corrosion  process  involves  the  interaction  of  the 
metal  blade  and  vane  surfaces  with  the  sulfur  dioxide  and  sea  salt 
present  in  the  combustion  gases.  The  engineering  solution  to  this 
problem  has  been  to  develop  special  metallic  coatings  to  extend  the 
service  life  of  these  parts.  The  base  element  in  these  coatings  is 
cobalt,  and  the  primary  elemental  constituent  used  to  enhance  their 
corrosion  resistance  is  chromium.  This  use  of  chromium  was  developed 
empirically,  by  test  and  evaluation.  The  purpose  of  this  research  is 
to  obtain  a  basic  understanding  of  the  reaction  mechanism  of  sulfur 
dioxide  with  cobalt  and  chromium  and  to  use  this  understanding  as  a 
moans  to  analyze  the  more  complex  reaction  mechanism  of  sulfur  dioxide 
with  metallic  coatings  containing  these  elements. 

A  reasonable  starting  point  from  which  to  approach  a  problem 
such  as  this  is  to  reduce  it  to  an  analysis  of  the  most  critical 
aspects  involved.  One  such  aspect  would  be  a  detailed  understanding 
of  the  composition  of  the  coating  surface  as  presented  to  the 
environment.  This  composition  need  not  be  the  same  as  that  of  the 
bulk  coating  composition.  The  nature  of  the  surface  composition  will 


provide  useful  information  as  to  how  important  the  initiation  stage  of 
the  corrosion  process  is  to  the  problem  being  studied.  Another 
important  part  of  this  problem  is  to  understand  the  interaction  of  the 
most  significant  corrodent  gas  in  the  environment  (in  this  instance 
sulfur  dioxide)  with  the  material  surface  that  is  under  attack.  The 
last  aspect  of  this  problem  is  to  understand  how  the  elements  in  the 
coatings  (primarily  cobalt  and  chromium)  affect  the  corrosion  process. 
This  will  provide  information  on  how  important  the  propagation  phase 
of  the  corrosion  process  is  to  the  problem.  In  summary,  this  research 
effort  was  aimed  at  elucidating  the  interaction  of  sulfur  dioxide  with 
the  metallic  surfaces  of  cobalt  and  chromium  as  a  means  to 
understanding  the  more  complex  problem  of  how  sulfur  dioxide  inte racts 
with  CoCrAlY  coatings. 

HOT  CORROSION 

Hot  corrosion  is  the  broad  term  applied  to  the  high 
temperature  corrosion  of  the  blade  and  vane  components  of  gas  turbine 
engines  when  operated  in  a  marine  environment.  The  parts  most 
severely  attacked  are  the  metallic  coatings  used  to  protect  the 
turbine  blades.  These  coatings  are  often  a  mixture  of  cobalt, 
chromium,  aluminum  and  yttrium  and  as  a  class  are  identified  by  the 
acronym  CoCrAlY.  Hot  corrosion  can  take  several  forms  and  the  form 
that  is  of  special  concern  in  a  marine  environment  has  been  designated 
type  2  or  low-temperature  hot  corrosion  (Grisik  e t  a  1 .  1 )  . 


The  major 


aspects  of  this  corrosion  process  can  be  described  as  follows: 

•  Sulfur  in  the  fuel  forms  sulfur  dioxide  during 
combustion . 

•  Sulfur  dioxide  reacts  with  the  cobalt  in  the 
turbine  blade  coating  and  forms  cobalt  sulfate. 

•  Sodium  sulfate  from  the  sea  salt  ingested  by  the 
engine  deposits  in  solid  form  on  the  turbine  blades. 

•  In  the  temperature  range  of  677°  to  732°C  (1250°  to 
1350°F)  the  sodium  sulfate  and  the  cobalt  sulfate 
form  a  mixed  salt  that  has  a  lower  melting  point 
then  either  of  the  pure  salts.  This  results  in  the 
degradation  of  the  coating. 

One  way  to  stop  the  corrosion  process  would  be  to  prevent  the 
formation  of  cobalt  sulfate.  In  several  research  efforts  (Coward2  and 
unpublished  work  of  tne  author)  it  has  been  found  that  increasing  the 
chromium  content  of  the  CoCrAlY  coating  to  30  or 

40  weight  percent  (wtX)  from  the  originally  used  20  wtX  dramatically 
improved  the  hot  corrosion  resistance  of  these  coatings.  During  the 
open  discussions  of  both  the  Fourth  and  Fifth  Conferences  on  Gas 
Turbine  Materials  in  a  Marine  Environment,  it  had  been  speculated  that 
in  the  20  wt%  chromium  coatings  the  oxide  scales  that  form  on  these 
coatings  are  a  mixture  of  cobalt  oxide,  chromium  oxide  and  aluminum 
oxide,  while  in  the  40  wtX  chromium  coatings  the  oxide  scale  is 
predominantly  chromium  oxide.  This  continous  layer  of  chromium  oxide 
then  would  serve  as  a  barrier  to  the  formation  of  cobalt  sulfate. 

This  same  situation  had  been  postulated  by  Luthra  and  Wood3  to  occur 
for  binary  CoCr  alloys  as  the  Cr  content  increases. 

An  important  part  of  the  objective  of  this  work  was  to  study 
the  validity  of  this  hypothesis  by  examining  the  initial  protective 


oxide  scales  that  form  on  actual  coatings.  While  the  specifics  of 
that  phase  of  the  experimental  efforts  are  properly  discussed  in  more 
detail  below,  it  is  helpful  to  the  discussion  at  this  point  to  note 
that  the  protective  oxide  scales  for  CoCrAlY  coatings  containing 
nominal  levels  of  20,  29,  and  35  wt%  chromium  were  essentially  the 

same.  They  were  predominately  alumina  with  an  yttrium-rich  phase. 

The  surface  oxides  also  contained  small  amounts  of  cobalt  and 
chromium.  Preferential  segregation  of  elements  to  the  surface  of  an 
alloy,  such  as  has  occurred  with  the  yttrium,  has  been  found  to  occur 
in  other  systems,  such  as  CuN'i  (Sinfelt  et  al  .  4  )  . 

Sprague  et  a  1 .  5  and  Hwang  et  al . 6  have  shown  that  in  drop 
castings  of  CoCrAlY  with  low  chromium  contents  (20  to  23  wt%)  the 
yttrium-rich  phase  in  the  oxide  scale  on  these  castings  can  provide 
initiation  sites  for  the  hot  corrosion  process.  The  corrosion  or 
sulfation  of  the  yttrium-rich  phase  serves  to  mechanically  disrupt  the 
remaining  alumina  and  thereby  expose  the  metallic  coating  to  the  hot 
corrosion  process.  Due  to  the  similarity  of  the  starting  scale  in  all 
of  the  coatings  in  this  study,  a  logical  proposal  is  that  the  chromium 
provides  its  hot  corrosion  benefit  in  slowing  the  propagation  phase  of 
corrosion  attack  through  the  metallic  CoCrAlY  coating. 

A  means  by  which  varying  the  chromium  content  of  these 
coatings  might  slow  the  propagation  of  hot  corrosion  can  be  envisioned 
by  considering  the  works  of  Luthra7iS  on  the  sulfation  of  the  alloys 
of  cobalt-chromium,  cobalt-aluminum,  and  cobalt -chromium-a lumi num.  It 
has  been  found  that  it  takes  lower  levels  of  sulfur  dioxide  to  result 
in  a  mixed  low  re] ting  point  salt  of  cobalt  sulfate  in  sodium  sulfate 


than  it  does  for  chromium  sulfate  (or  aluminum  sulfate!  and  that  the 
levels  of  sulfur-  dioxide  that  are  present  in  typieal  mar  ine  gar 
turbines  are  sufficient  to  support  the  formation  of  liquid  mixed 
sulfates  with  cobalt  sulfate  but  not  chromium  sulfate  (or  a  I  uni  i  nun 
sulfate).  This  solution  of  the  one  sulfate  i  ri  the  other  is  neees  -wi  r  % 
in  order  to  promote  and  stabilize  the  formations  of  low  melt  i nc  point 
mixed  sulfates,  which  when  1 i qu i d  result  in  the  rapid  dissolution  of 
the  coatings.  Thus  as  more  chromium  is  added  to  these  types  of 
coatings,  it  is  possible  that  the  formation  of  cobalt  sulfate  is 
suppressed  in  favor  of  chromium  sulfate.  (The  mechanism  by  which  this 
occurs  was  a  major  topic  of  this  research  effort.)  If  this  is  the 
case,  then  the  formation  of  low  melting  point  mixed  salts  that  are 
needed  for  hot  corrosion  propagation  are  also  suppressed.  This 
suppression  of  cobalt  sulfate  formation  is  crucial  tc  the  design  of 
coatings  with  improved  hot  corrosion  resistance  in  a  marine 
environment .  What  needs  to  be  known  is  how  the  sulfur  dioxide  reacts 
with  the  surfaces  of  a  coating.  In  the  research  work  reported  here, 
we  determined  that  these  reactions  can  be  related  to  the  interaction 
of  sulfur  dioxide  with  cobalt  or  chromium  in  their  unalloyed 
(elemental  )  forms. 

REACTION  MFC  HAM  SMS  OF  SCI. FOR  DIOXIDE  WITH  MFTAI.S  (  GENERAL  ) 

The  re  t ion  mechanisms  of  sulfur  dioxide  with  several  metals 
have  been  de«»  r  ,  b*  d  in  the  literature,  and  are  sumnmri  ccrl  here.  These 
studies  i  n  \  i . )  v  ♦  •  i  exposing  ■  ■  1  .>an  ,  ox  i  de-  free  metals  in  ultra-high 
vacuum  ( CHV  )  conditions  to  sulfur  dioxide  gas  and  then  examining  the 


reaction  products  that  form  on  these  surfaces  with  surface-sensitive 
analytical  techniques  such  as  x-ray  photoelectron  spectroscopy  (XPS), 
Auger  electron  spectroscopy  (AES),  and  ultra-violet  photoelectron 
spectroscopy  (UPS). 

Furuyama  et  al . 9 .  using  XPS,  found  that  a  two  stage  reaction 
occurs  at  300  K  when  oxide-free  surfaces  of  polycrystal  J  ine  iron  art- 
exposed  to  sulfur  dioxide  at  pressures  of  1 0  -  5  torr  for  0.1  to  5 
seconds.  In  the  first,  stage  of  the  reaction  the  sulfur  dioxide  gas 
molecule  dissociates  on  the  iron  and  forms  a  sulfide  and  an  oxide. 

With  further  exposure  to  sulfur  dioxide  t he  adsorbed  oxygen  reacts 
with  the  sulfur  dioxide  to  form  a  sulfate.  They  described  the 
reac t i ons  as : 

1.  SO j ( gas )  - ►  S(ads)  +  20(ads) 

2.  SOj(gas)  -t  20(ads)  - SO«(ads) 

It  was  also  found  that  pre-adsorbed  oxygen  on  iron  tended  to  inhibit 
the  first  stage  of  the  decompos i t i on  reaction  of  the  sulfur  dioxide 
compared  to  that  on  a  clean  surface.  It  did  not  inhibit  the  second 
stage  of  the  reaction. 

Brundle  and  Carley,10  using  UPS  and  XPS,  observed  a 
dissociation  reaction  when  nickel  was  exposed  to  sulfur  dioxide.  They 
exposed  the  nickel  surface  at  77  K  and  found  the  initial  dissociation 
to  be  to  either  SO+O  or  a  strongly  chemisorbed  SO j  molecular  species. 
On  heating  to  300  K  they  found  evidence  of  sulfide  and  sulfate 
formation  on  the  surface.  Further  reaction  at  10- 3  torr  resulted  in 
continued  formation  of  the  sulfide  and  sulfate  species.  They  described 
the  reaction  as  one  of  disproportionation: 


N'ebesny  and  Armstrong,11  using  AES,  studied  the  reaction  of 
sulfur  dioxide  with  lithium.  They  found  the  sulfur  dioxide  at 
pressures  less  than  1  mtorr  to  completely  dissociate  on  a  clean 
lithium  surface  and  to  form  a  monolayer  of  2:1  LijO  and  Li 2S  at  an 
activation  energy  of  2-5  kcal/mole.  The  first  stage  of  this  reaction 
seems  to  be  limited  to  one  monolayer.  At  sulfur  dioxide  pressures 
higher  than  1  mtorr  an  overlayer  of  Li 2S 2O 4 /Li 2S 2O 3  formed  on  top  of 
the  Li 2O  and  Li  2S  layer.  The  dissociation  reaction  proceeded  with 
full  retention  of  all  parts  of  the  original  sulfur  dioxide  molecule 
and,  no  matter  what  the  starting  sulfur  dioxide  pressure,  the 
S2O3/S2O4  overlayer  was  always  preceded  by  the  S-2/0-*  layer.  However, 
exposure  of  a  pre-oxidized  lithium  surface  to  sulfur  dioxide  produced 
the  outerlayer  of  Li 2S 2O « /Li 2S 2O 4  but  not  the  innerlayer  of  Li 2O  and 
Li2S.  As  in  the  case  of  the  iron,  the  reaction  seems  to  proceed  by 
the  interaction  of  sulfur  dioxide  with  the  oxide  species  formed  from 
the  initial  dissociation. 

Kohler  and  Wassmuth,12  using  AES,  studied  the  reaction  of 
single  crystal  platinum  in  the  (111)  orientation  with  sulfur  dioxide. 
For  the  first  part  of  this  reaction  they  proposed  a  reaction  similar 
to  that  described  above  by  Furuyama  et  al . 9  but  added  more  detail  as 
to  the  steps  involved  in  the  first  stage  of  the  reaction.  Namely, 

(  SO  2  )  g  a  s  — ►(  SO  2  )  a  d  s  “►(  SO)  ads"t(0)  ads  — ►(  S)  a  d  s  t  2  (  O  )  ads 

Not  all  metals  dissociate  sulfur  dioxide.  One  that  does  not 
is  silver.  Outka  and  Madix,13  using  OPS,  found  that  single  crystal 
silver  in  a  (110)  orientation  did  not  dissociate  sulfur  dioxide  under 


UHV  conditions  at  ambient  temperatures.  The  sulfur  dioxide  did  adsorb 
on  the  silver  and  Outka  and  Madix  believed  that  this  adsorption  was 
accomplished  by  the  formation  of  a  metal-SC>2  charge  transfer  complex. 
Tn  a  second  study,  Outka  et  a  1 .  1 4  reacted  low  pressure  (10*6  torr  for 
1  s)  sulfur  dioxide  with  pre-oxidized  Ag ( 1 1 0 )  at  241  K  and  it  formed  a 
sulfur  trioxide  intermediate.  At  500  K  the  sulfur  trioxide  species 
ii sproport lonates  to  give  sulfur  dioxide,  adsorbed  SO  4  and  subsurface 
1  xygen.  The  SO4  was  proposed  to  form  bidentate  oxygen  bonds  to  the 
surface  spanning  adjacent  long  twofold  bridge  sites  (Fig.  1). 

REACTION  MECHANISM  OF  SULFUR  DIOXIDE  WITH  COBALT  AND 
CHROMTUM  (PROPOSED) 

To  begin  to  explain  the  significance  of  increasing  the 
chromium  content  in  CoCrAlY  coatings,  studies  that  provide  information 
on  the  reaction  steps  involved  in  the  formation  of  sulfate  layers  on 
cobaLt  and  chromium  when  they  are  exposed  to  sulfur  dioxide  were 
useful.  By  comparison  to  the  above  described  reactions  of  sulfur 
dioxide  with  metal  surfaces  one  can  speculate  on  the  reaction 
mechanisms  that  should  lead  to  the  formation  of  sulfates  on  cobalt  and 
chromium.  Sulfur  dioxide  is  a  bent  molecule  with  each  of  the  atoms  at 
the  corner  of  an  isosceles  triangle  with  an  apex  angle  of  119° 

(Fig.  2a).  It  is  possible  that  the  sulfur  atom  could  bond  directly  to 
the  metal  surface  (Fig.  2b)  and  if  the  bond  is  of  a  dissociative 
nature  will  result,  in  the  freeing  of  the  two  oxygen  atoms  (Fig.  2c). 
These  two  oxygen  atoms  will  then  bond  to  the  surface  (Fig.  2d)  and  in 
so  doing  can  become  preferred  sites  for  the  formation  of  a  sulfate  by 
the  addition  of  another  sulfur  dioxide  molecule  (Fig.  2e).  The  extent 
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and  rate  of  this  reaction  can  vary  with  different  metals  and  <  an 
provide  a  means  to  analyze  the  reactions  that  take  place  on  the 
surfaces  of  mixed  alloy  systems  such  as  coatings.  Determining  the 
variability  of  this  reaction  for  cobalt  and  chromium  was  a  part  of 
this  research  program. 

As  cobalt  and  chromium  are  first  series  transition  metal 
elements,  it  is  proposed  that  the  reactions  proceed  in  two  basic  steps 
which  are  equivalent  to  those  found  for  the  the  first  series 
transition  metals  of  iron  and  nickel  as  described  above.  For  both 
cobalt  and  chromium  these  steps  are: 

1  .  S02  - ►  2(0)  +  (  S  ) 

2  .  2  (O)  +  S02  - ►  S04 

The  overall  reactions  can  be  balanced  as: 


3  . 

5Cr  + 

6S0  2  — 

— ►  Cr  2 ( SO « ) 3  +  3CrS 

4  . 

2Co  + 

2S0  2  — 

— ►CoS0«  +  CoS 

The  free  energies  of  reactions  3  and  4  can  be  calculated  (Appendix  A) 
and  at  230°C  they  are  -234  kcal/mole  of  product  for  reaction  3  and 
-47  kcal/mole  of  product  for  reaction  4.  The  negativj  values  of  the 
free  energies  for  these  reactions  mean  that  both  reactions  are 
thermodynamically  possible  and  that  the  products  of  reaction  3  are 
more  stable.  However,  it  does  not  mean  that  they  have  to  occur  nor 
does  it  provide  any  information  as  to  what  is  happenit.g  from  an 
atomistic  viewpoint  or  if  a  minimum  configuration  of  atoms  at  a 
surface  is  needed  to  form  a  given  type  of  sulfate.  T  study  this 
aspect  of  the  problem,  mo  1  ecu  1  at  orbital  theory  and  cluster 
calculations  of  electron  energy  levels  ran  be  helpful . 
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V  ’l.fcX'l  LAR  ORBITAL  i’HFGRY  AND  CLUSTER  MODEL  OF 
'HEMI SORPTION  l GENERAL  THEORY) 

The  first  stages  of  most  of  the  reactions  described  above  are 
•  ‘it's  of  adsorption  and  dissociative  chemisorption.  They  typically 
r:\oivt.  *  he  transfer  vf  electrons  from  the  metal  surface  to  the  lowest 
..n  >c<  upi  *-d  tv.  It  ..;la;  v-rbita!  '  LUMO )  of  the  molecule  being  adsorbed. 

h  t  •  -t  !  n  t  raie-  f  ►- 1  creates  the  bond  of  the  molecule  to  the  metal 

-  .  r  fa  >•  and  I  ri  s  .1  irg  it  can  destabilize  the  molecule  or  dissociate 
Th>  »-ase  with  which  this  electron  transfer  tnkes  place  can  be 
a  ugh;  f  as  an  i  iid  i  ca  *  ion  of  the  act  ivaticn  cia-rgy  needed  for  the 

.  a  *  .  c.  t.  take  pi  .  -c  and  is  related  to  the  rate  of  the  initial 

■  ci  *  i .  uis  .  M  •  :  ecu  1  a  r  orbit  ;■ 1  (MO)  theory  can  be  described  as  a 

dv !  .  r  g  if  'he  .  iron  bonding  that  holds  the  atoms  in  molecules 
og*  rh*M  and  may  h*  extended  to  modeling  the  electron  bonding  that 
h  '  d..  le.  u!"s  *  met  a  1  surdiivs  .  The  theory  usually  handles  the 
i  a  *  ter  s  i  ♦  uat  , :  n  mode  l  i  ng  i  :  -is  a  finite  duster  of  atoms  with  some 

atoms  t;  mi  ’In  met  ■.  1  an  !  some  from  t  tie  molecule  being  held  to  the 

m  i  t  a  1  fa-  *•  .  I  •  *  v  anip  i  e  ,  the  •  h>  mi  sorpt  i  on  of  sulfur  to  nickel 
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1  I  :  .  cl  .  ,  t  ,  .  ■.  *  t  <•  r;.  s  t  -a  ,  .  llowe\  e  r  ,  t  V>  i  s  might  not  be  a 

g  "  i  m  •  •  d  -  i  .  r  -  .  a  .  ••••»<  *  ;  •  s  ,  a.  .  rd  '  rig  ‘  Tors  <t  a .  1  6  .  At 

;  •  •  a  s-  ♦  part.-.!  ,  .  .•  »*  ■  r ,  ■ .  t  »,*•««  runs  is  v  e  i  •.  cvc.J  to  occu  r  in  the 

•ase  r  f  1  . 1 1 J  i  ng  Mu  ~  up1,  s  a  Li,  c  m<- 1  a  1  a  ♦  errs  (Gates  e  t  a  1  6  )  . 
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of  relocalization  of  electrons  in  the  surface  metal  atom  (Gates16). 


For  strong  bonding,  as  in  corrosive  chemisorption,  the  localization  of 
electrons  in  the  surface  metal  atom  is  almost  complete  and  the  surface 
metal  atom  probably  contributes  little  to  the  band  structure  of  the 
bulk  metal  (Gates  et  al .  1 6 ) .  The  electrons  involved  in  the  bonding 
are  then  probably  localized  in  orbitals  between  the  added  (adsorbate) 
atom(s)  involved  in  the  surface  compound  formation  and  the  surface 
metal  atom(s)  immediately  associated  with  the  adsorbate 

(Gates  et  al . 1 6 ) .  Consequently,  the  bonding  envisioned  by  molecular 
orbital  theory  involves  the  formation  of  electron  orbitals  that  are 
mutual  to  the  bound  atoms  and  the  surface.  Molecular  orbital  theory 
involves  the  idea  that  all  orbitals  in  a  molecule  or  cluster  can 
extend  (but  do  not  necessarily  have  to)  over  the  entire  cluster  and  as 
such  can  be  delocalized  over  the  entire  cluster  (Cotton17).  However, 
the  theory  allows  (and  this  is  a  key  point)  the  molecular  orbitals  to 
have  very  large  values  of  the  wave  function  amplitude  in  certain  parts 
of  the  cluster  (Cotton17).  Surface  compounds,  such  as  oxygen 
chemisorbed  to  a  metal  surface,  can  therefore  be  handled  with  this 
theory.  Thus  the  bonding  modeled  by  MO  theory  involves  the  formation 
of  electron  orbitals  that  are  mutual  to  the  bound  atoms.  These  bonds 
have  been  found  to  be  similar  to  the  bonds  formed  in  the  bulk  oxide 
(Tanaka  and  Tamaru18).  A  study  of  hydrogen  adsorption  on  nickel  found 
that  the  nature  of  the  chemisoption  bond  formed  was  determined  more  by 
the  structure  of  the  surface  molecule  than  by  the  properties  of  the 
bulk  metal  or  !>y  the  character  i  sties  of  the  clean  surface  (Fassaert 
and  van  der  Av-nrd19). 
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When  solving  the  Sehrodinger  equation  for  the  situation  <f  an 
electron  in  the  complex  potential  field  of  a  molecule  or  a  cluster, 
the  one  electron  orbitals  can  he  modeled  t.y  making  a  1  im;,ir 
combination  of  atomic  orhi  ta  i  (Lt'AO)  corresponding  t  • .  the  atoms 
involved.  The  atomic  orbitals  are  t  he  wave  functions  that  are  t  he 
solution  of  Seh  rod  i  nger  ’  s  equation  for  an  isolated  atom.  The  exist'  re-,, 
of  symmetry  in  most  molecules  and  -lusters  m.tK-s  so !  ut  ce.s  t  •  •  this 
problem  easier  to  obtain.  These  symmetry  -orrs  iderat  ions  lead  one  to 
model  metal  surfaces  as  symmetric  assembl i es  if  atoms.  The  sine  of 
the  clusters  used  is  necessari ly  finite  so  the  problem  can  be  solved. 
Fort  unate  ly  ,  the  calculated  electron  energy  1  eve  1  r  beg  i  n  to  appro  aeh 
those  of  band  theory  (i.e.  the  case  of  an  infinite  cluster)  for 
relative  Ly  small  cluster's  (from  1  to  25  items)  (  Messmer  e  t_  a  L  ._  1  0  and 
Salahub  and  Messmer21).  It  has  been  found  that  25  atoms  accomplish 
this  with  a  metal  that,  is  modeled  fair  ly  we  1  1  by  free  elect  ron  heorv 
(such  as  aluminum)  where  the  valence  elect  runs  arc  more  dolor  a)  i red  in 
nature  (Salahub  and  Messmer21  !  .  Probably  smal  ler  cluster-,  w  i  i  1  work 
for  transition  metals  where  the  electrons  are  more  1  or -a  1  i  red  1 1.  nat  urn 
(Salahub  and  Messmer21). 

One  of  the  simplest  cases  involves  the  adsorption  and  eventual 
dissoi  i  at  i  on  of  hydrogen  on  a  nickel  surface.  A  di.igrammat  ir 
representation  of  *  he  atomic  orbitals  involved  in  the  bonding  and 
the i r  shape  is  shown  i n  Fig.  d  ( Deuss  and  van  dor  Avo i rd  7  2  )  .  The 
shapes  ( i  f  the  orbitals  shown  i n  the  figure  a  re  intended  *  >  show 
surfaces  enclosing  a  certain  percentage  (say  ')()%;  «.  <*  t  he  electron 

density.  In  the  work  of  Deuss  and  van  dor  Avoird,  22  MC >  theory  was 
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used  to  show  that  as  the  hydrogen  molecule  approaches  the  surface  of 
the  nickel,  "  ...the  3dp  electrons  of  the  two  nickel  atoms ...  attract 
the  molecule  and,  on  coming  closer  to  the  metal  atoms,  it  will  be 
dissociated....  This  process  of  adsorption  and  dissociation  requires 
no  activation  energy.  The  4s  electrons  of  nickel  or  copper  cause  very 
different  behavior.  The  hydrogen  molecule  is  repelled  and  can  only  be 
chemisorbed  and  dissociated  if  an  activation  barrier  of  approximately 
50  kcal/mole  for  nickel  or  45  kcal/mole  for  copper  can  surmounted." 
These  same  principles  can  be  used  to  study  the  rates  of  SO2 
chemisorption  on  various  metals. 

A  somewhat  more  involved  cluster,  which  has  been  studied  by  MO 
theory  by  Harris  and  Painter,23  is  shown  in  Fig.  4.  This  cluster 
models  the  (100)  surface  of  aluminum  with  an  adsorbed  oxygen  atom. 

This  MO  theory  approach  emphasizes  the  local  nature  of  the  bonding. 

It  allows  for  a  consistent  treatment  of  the  atomic  nature  of  the  bond 
formed  between  the  substrate  and  the  absorbate  (Harris  and  Painter23). 
The  disadvantage  of  this  approach  is  that  the  coupling  of  the  surface 
cluster  and  the  adsorbate  to  the  bulk  of  the  material  is  poorly 
described.  However,  as  mentioned  above,  proper  selection  of  the 
structure  of  the  surface  cluster  can  be  more  important  to  modeling  the 
nature  of  the  chemisorption  bond  than  a  detailed  consideration  of  the 
bulk  properties  ( Fassaert  and  van  der  Avoird19).  This  method  of  using 
a  surface  cluster  or  molecule  to  study  chemisorption  has  been  applied 
by  Johnson24  to  various  size  clusters  of  platinum  (13  atoms), 
iron  (9  atoms),  and  nickel  (13  atoms).  The  electron  energy  levels 
that  result  from  these  clusters  were  then  compared  to  the  energy 


levels  of  nitrogen,  carbon  monoxide,  and  oxygen.  Matching  of  electron 
orbital  energies  in  the  clusters  and  the  gas  molecules  was  then  used 
to  explain  why  some  metal  surfaces  absorb  certain  molecules  more 
easily  than  other’s.  The  n  &  orbital  of  oxygen  was  found  to  match  the 
d - band  of  iron  but  not  that  of  platinum,  and  this  was  suggested  as  an 
explanation  of  the  easier  oxidation  of  iron  versus  platinum.  The' 
distance  or  degree  of  mismatch  of  available  molecular  orbitals  on  the 
adsorbate  from  the  absorbant  can  possibly  be  correlated  to  activation 
energy  differences  and  enhanced  kinetics  of  reaction  on  one  metal 
surface  versus  those  of  another. 

MOLECULAR  ORBITAL  THEORY  AND  CLUSTER  CALCULATIONS 
(APPLICATION  TO  THIS  PROBLEM) 

On  a  surface  of  cobalt  the  second  step  of  the  reaction 

proposed  above  would  result  in  the  formation  of  cobalt  sulfate.  Since 

cobalt  sulfate  degrades  the  hot  corrosion  resistance  of  the  coatings, 

it  would  be  interesting  to  use  molecular  orbital  theory  to  model  the 

electron  interactions  involved  in  the  formation  of  this  sulfate.  If 

this  could  be  done,  such  a  model  might  provide  a  means  to  analyze 

this  step  of  the  reaction  as  it  occurs  on  other  metals  whose  sulfates 

are  not  as  detrimental  as  that  of  cobalt  or  to  devise  an  alloying 

scheme  to  impede  this  reaction  step.  The  electron  energy  levels  of 

such  a  cluster  can  be  calculated  by  using  the  SCF-Xa-SW  method  as 

described  in  Appendix  B. 

Several  types  of  bond  formation  can  be  envisioned  for  sulfur 
dioxide  chemisorbed  on  transition  metals.  They  involve  sigma-type 
bonds  (the  wave  function  of  a  sigma-type  bond  has  rotational  symmetry 
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around  the  axis  of  the  bond)  or  pi-type  bonds  (the  wave  fuotion  of  a 
pi-type  bond  does  not  ha\ e  rotational  symmetry  around  the  axis  of  the 
bond).  The  orbitals  before  bonding  ran  be  described  as  having  plus 
and  minus  lobes  where  the  plus  or  minus  relates  to  the  sign  of  the 
wave  function.  Symmetry  requirements  of  MO  bonding  require  that  the 
symmetry  of  the  metal  cluster’s  orbital  (e.g.  a  d-orbital)  match  the 
symmetry  of  the  bond  to  the  ligand  or  adsorbed  species.  Transition 
metals  can  have  as  many  as  five  d-orbitals  which  in  the  atomic  case 
are  all  degenerate.  These  orbitals  are  labeled  d*2_y2,dz2,  d*2.  dw, 
and  d  *  >  ,  and  when  they  are  all  together  they  total  18  lobes  of  equal 
distance  from  the  origin.  A  representation  of  each  is  given  in 
Fig.  5.  Ligand  field  theory  provides  an  understanding  of  what  happens 
to  these  orbitals  when  a  crystal  forms.  As  a  grouping  of  atoms  forms, 
such  as  that  in  a  crystal,  the  degeneracy  of  the  d-orbitals  is  lifted 
with  the  energy  of  some  raised  more  than  others  (Sanderson25).  A  six 
coordination  number  complex  (an  octahedron)  is  common  for  transition 
metals.  The  six  ligands  produced  by  the  six  atoms  surrounding  the 
acceptor  atom  will  split  two  orbitals  to  a  level  called  ee  and  three 
orbitals  to  a  level  called  t2s.  This  splitting  is  a  result  of  six 
atoms  at  the  corners  of  the  octahedron  being  able  to  approach  six  of 
the  eighteen  lobes  more  closely  than  the  other  twelve  (Sanderson25). 
Different  coordination  will  result  in  different  splitting  of  the 
levels.  Tf  the  coordination  is  four,  as  in  the  case  of  a  tetrahedron, 
the  t.  2  g  level  is  higher  t  ban  the  e ,,  since  four  atoms  approach  twelve 
of  the  eighteen  lobes  more  eloseiv  than  the  other  six.  At  a  surface 
where  coordination  is  i no omp let*  ,  orbitals  should  be  a \ a i  i ah  I e  for 


bonding  with  an  adsorbate  such  as  sulfur  dioxide.  The  molecular 
orbitals  of  sulfur  dioxide  have  been  studied  and  described  by  Outka 
and  Madix,13  Mingos,26  and  Anderson  and  Debnath . 2 7  A  diagram  of  the 
three  highest  occupied  molecular  orbitals  (HOMO)  and  the  lowest 
unoccupied  molecular  orbital  ( LUMO )  is  given  in  Fig.  6.  In  the  case 
of  silver,  Outka  and  Madix13  found  that  bonding  of  sulfur  dioxide  to 
the  surface  occurred  by  transfer  of  an  electron  from  the  metal  to  the 
LUMO  in  Fig.  6.  Mingos26  pointed  out  that  sulfur  dioxide  can  undergo 
electron  transfers  in  both  directions,  i.e.  from  the  metal  to  the  LUMO 
or  from  the  HOMO  to  an  empty  orbital  in  the  metal. 

THEORY  AND  OBJECTIVE  OF  THIS  RESEARCH 

The  basic  premise  of  this  work  is  that  the  reaction  mechanisms 
of  SO2  with  cobalt  and  chromium  are  similar  and  are  as  described 
above.  The  objective  was  to  prove  this  premise  experimentally  and 
then  to  apply  what  was  learned  to  modeling  the  initiation  stage  of  the 
SO2  interaction  with  CoCrAlY  coatings.  The  results  were  then  used  to 
propose  a  mechanism  by  which  increasing  the  chromium  content  of  these 
coatings  improves  their  hot  corrosion  resistance. 


bi 

LUMO 


ai 

BENT  n 


LEGEND: 
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Fig.  6.  Molecular  orbitals  of  sulfur  dioxide. 
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EXPERIMENTAL  PROCEDURE 


X-RAY  PHOTOELECTRON  SPECTROSCOPY 


Theory  and  Equipment 


X-ray  photoelectron  spectroscopy  (XPS)  was  used  to  examine  the 
nature  of  the  surface  reactions  that  were  the  subject  of  this  research 
effort.  It  was  also  used  to  study  the  nature  of  the  initial  oxides 


formed  on  the  CoCrAlY  coatings.  XPS  involves  exposing  the  surface  of 
interest  to  x-rays  of  a  discrete  energy.  In  the  Kratos  model  XSAM  800 
surface  analyzer  used  in  these  experiments,  A1  K«  (1486.6  eV )  was  the 
radiation  source.  This  radiation  interacts  with  the  specimen,  causing 
the  material  to  emit  electrons  whose -energy  is  characteristic-  of  the 
atoms  from  which  they  were  emitted.  (This  process  is  diagrammat iea 1 1 y 
represented  in  Fig.  7. )  The  XPS  equipment  has  an  electron  energy 
analyzer,  which  measures  the  kinetic  energy  of  the  emitted  electrons. 
This  measurement  is  made  with  a  hemispherical  analyser  having  an 
abe r ra t i on-compensated  input  lens  (ACIL).  The  analyzer  (shown  in 
Fig.  8)  superimposes  different  voltages  on  the  the  inner  and  outer 
hemispheres,  which  then  allow  only  electrons  with  energies  between 
these  two  values  to  pass  through  to  the  detector  at  the  opposite  end 
of  the  analyzer.  The  equipment  scans  the  voltages  on  the  two 
hemispheres  through  an  energy  range  in  steps,  and  during  its  dwell 
time  at  each  step  it  keeps  track  of  the  counts  per  second,  or 


intensity  of  electrons.  This  information  can  then  be  graphed  as 


electron  energy  versus  intensity;  an  example  of  such  a  graph  is  shown 
in  Fig.  9.  The  kinetic  energy  of  the  electrons  can  be  related  to 
their  binding  energy  by  the  relation 

E  b  =  Ex-ray  "  Ekin  -  0a  t 

where:  Enin  =  kinetic  energy  of  electrons  as  passed  by  the 

spectrometer ; 

0a  -  work  function  of  entrance  to  the  spectrometer  lens; 

Eb  =  binding  energy  of  the  emitted  electron. 

The  major  limit  on  the  ene rgy- reso l v i ng  capabilities  of  the  instrument 
is  the  width  of  the  exciting  radiation,  e.g.  1.0  eV  at  full-width  half 
maximum  for  Al  Ka. 

The  XPS  spectrometer  and  specimen  are  contained  within  an 
ultra-high  vacuum.  This  prevents  the  electrons  from  being  scattered 
by  gas  molecules  before  they  reach  the  analyzer  and  allows  experiments 
to  be  conducted  and  data  acquired  in  reasonable  times  before  the 
specimen  surfaces  are  contaminated  with  unwanted  gases  and  carbon  from 
the  atmosphere.  This  latter  point  is  important  since  the  the  XPS 
method  analyzes  for  elements  on  the  surface  and  within  only  several 
atomic  layers  of  the  surface.  The  surface  sensitivity  of  the  XPS 
method  arises  from  its  ability  to  measure  the  energy  of  emitted 
electrons.  These  electrons  have  a  very  short  mean  free  path  in  solid 
matter.  Typically,  this  distance  is  on  the  order  of  5  to  10  angstroms 
(Fig.  10).  Therefore,  the  emitted  electrons  represent  elements 
present  in  the  outer  layer  or  several  atomic  layers  below  the  surface. 
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Quart  t  i  f J  qa  t  i  on 

The  concentration  of  a  given  element  in  the  surface  is 
represented  by  the  intensity  of  electrons  (counts  per  second)  emitted 
at  a  given  characteristic  energy.  The  area  under  these  peaks  in  the 
X PS  spectrum  is  used  as  a  measure  of  the  intensity.  Computer-aided 
routines  are  used  to  perform  the  necessary  background  subtraction 
around  the  peak  of  interest  and  to  calculate  the  area  under  the  peak. 
If  peaks  partially  overlap,  a  peak  synthesis  routine  is  used  to 
extract  the  peak  of  interest.  For  example,  the  peak  synthesis  routine 
was  used  to  separate  the  yttrium  3d  5  2  and  3d  3  2  peaks.  All 

intensities  are  then  corrected  by  a  multiplication  factor  which 
represents  the  spectrometer  efficiency  and  the  probability  of  emission 
from  a  particular  electron  energy  level  in  a  given  atom.  These 
correction  factors  were  determined  by  the  analyzer’s  manufacturer. 

The  equation  used  to  calculate  the  results  in  atomic  percent  is  given 
below  (David2 s  and  Briggs  and  Seah 2 9  )  : 

C,  =  Vlt 

Q x  i 

where:  Q  *  =  quantification  factor  for  a  given  element  and 

electron  orbital; 

I*  =  peak  intensity  for  a  given  element  and  a  particular 
electron  orbital; 

f,  =  concentration  in  at  %  of  element  x. 


The  details  of  the  analysis  parameters  used  to  acquire  the  XPS  data 


•  A1  excitation 
(  1486 .6  eV) 


Fixed  analyzer  *True  time  averaging 
transmi ss i on 


Low  magnification  •  Start  energy  *Step  size,  0.25  eV 

of  scan,  1000  eV 


•  Low  resolution 


Channels,  1000  •Dwell,  0.4  s. 


All  XPS  peaks  were  referenced  to  the  adventitious  carbon  Is  peak  at 


284.6  eV .  The  approximate  binding  energy  of  the  XPS  peaks  used  in  the 


quantitative  analysis  are  given  in  Table  1.  To  assist  in  identifying 


the  chemical  state  of  the  yttrium,  XPS  spectra  were  made  of  pure 


standards  of  yttrium  oxide  (Y2O3)  and  yttrium  aluminum  garnet 


(Y3AI5O12).  Yttrium  oxide  can  naturally  be  expected  in  the  protective 


oxide  films  on  these  coatings,  and  the  possible  presence  of  yttrium 


aluminum  garnet  was  suggested  by  the  work  of  Luthra  and  Hall.30  The 


yttrium  oxide  and  the  yttrium  aluminum  garnet  had  purities  of  99.999% 


and  99.995%,  respectively.  These  oxides  are  nonconduct ive  and  charge 


up  during  the  spectra  acquisition.  To  compensate  for  this,  the 


adventitious  carbon  peak  in  both  standards  was  referenced  to  the  Is 


carbon  peak  at  284.6  eV  and  all  other  peaks  were  corrected 


accordingly.  These  locations  are  shown  in  Table  2.  The  peaks  were 


acquired  by  averaging  five  20-eV-wide  scans  around  each  peak  location. 


As  mentioned  before,  in  the  case  of  the  partially  overlapping  peaks,  a 


peak  synthesis  routine  was  used  to  separate  and  identify  each 


contr ibut i on . 
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Table  1 .  XPS  binding  energy  locations  and  Kratos 
quantification  factors. 


Element 

Electron 

Des ignat i on 

Approximate  Binding 
Energy  Location  of 
the  Peak  in  ( eV )  for 
Elemental  and/or 

Oxide  State 

KRATOS 

Quant i fication 
Factor 

Cobalt 

2p  3  /  2 

778  -  elemental 

780  -  oxide 

2 . 5 

Chromium 

2p  3  /  2 

1 

1  .  5 

Aluminum 

2p  3  /  2 

BW 

0.12 

Yttrium 

3d  s  /  2 

156  -  oxide 

1 .05 

Oxygen 

1  s 

532  -  oxide  AI2O3 

0.61 

For  more  detail  on  aluminum,  yttrium,  and  oxygen  peak 
locations,  see  Table  2. 
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Table  2.  Yttrium,  aluminum,  and  oxygen  XPS  peak 

identification. 


Binding  Energy  (eV)  of  XPS  Peaks* 


Material 


Yttrium 


Yttrium  Oxide 
(Y20,) 


156.35 


160.7 


Yttrium  Aluminum 
Garnet 
(Y2AI5O12) 


157.1 


160 . 6 


Aluminum  Oxide* 
(A1 2  O  j ) 


CoCrAlY* 

Coatings 


20Cr 


158.  1 


160. 1 


29Cr 


157.8 


158.5 


35Cr 


158.35 


Oxyg 

en 

1 

s 

529 . 25 

530 . 8 

53 

1 . 6 

531 

.35 

532  .  1 

Minor 

Major 

530 

.  8 

532  .  1 

Minor 

_  _  .  J 

Major 

531 

.  1 

531.85 

Minor 

Major 

A1 uminum 


2p 


73.7 


75  .  1 

Minor  I  Major 


73.85  74.85 

Minor  Major 


*  All  peaks  calibrated  to  284.6  eV,  all  values  ±0.25  eV . 
+  Values  obtained  from  Riggs  et  al . 3 1 

#  All  CoCrAlY  coatings  are  in  the  heat  treated  condition 
followed  by  1  min  of  argon  sputter  cleaning. 
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DEPTH  PROFILING 


To  measure  the  changes  in  composition  of  the  elements  as  they 
vary  through  the  protective  oxide  film  on  the  coatings,  the  original 
surface  was  sputtered  off  in  successive  layers  while  the  specimen  was 
in  the  UHY  chamber  of  the  analyzer.  This  was  done  with  the  ion 
sputter  gun  attached  to  the  analyzer  chamber.  The  ion  sputter  gun 
allows  an  accelerated  ionized  beam  of  argon  atoms  to  impinge  on  the 
specimen  surface.  By  a  collision  process  this  strips  off  the  surface 
layers.  Typical  ion  sputter  gun  parameter's  used  were: 

•  Beam  voltage,  4.5  kV 
•Emission,  25  mA 
•Pressure,  2.0x10"  2  Pa 

•  Ream  rastered  to  cover  the  entire  surface  area 

By  using  a  tantalum  dioxide  standard,  these  parameters 
represent  a  sputter  rate  of  30 . Ox  10  -  8cm/min  for  this  standard.  The 
standard  preparation  procedures  used  are  given  in  Appendix  C.  After 
the  desired  thickness  is  removed,  an  XPS  spectrum  is  acquired  and 
quantified.  The  process  is  continued  to  the  total  depth  desired. 

This  procedure  allows  a  plot  of  composition  versus  depth.  Accumulated 
sputter  times  a*’  which  analyses  were  made  were  0,  1,  3,  1  5,  47,  79, 

159,  191,  231,  217,  263,  287,  303,  319,  343,  351,  367,  391,  407,  455, 

and  480  minutes. 

SAMPLE  PREPARAT 1 uN 
CoCrA  1  V 

The  sp"  imen  configuration  used  is  as  shown  in  Fig.  11.  The 
specimen  shown  was  made  of  cast  Rene  80,  a  nickel -base  alloy  that  is 


THIS  FACE  OF 
STUB  EXPOSED 
TO  X  RAYS 


Fig.  II.  Specimen  configuration. 


frequently  used  for  the  first  stage  hot-section  turbine  blades  of 
marine  gas  turbine  engines.  Prior  to  machining,  the  alloy  was  given  a 
solution  heat  treatment: 

2225°F  (1220°C)--2  h  in  air--air  cooled, 

2000°F  (1095°C)--4  h  in  air--air  cooled. 

The  machining  process  removed  any  oxides  formed  during  the  heat 
treatment.  The  specimens  were  then  coated  by  using  actual  production 
coating  procedures.  The  coating  was  applied  by  physical  vapor 
deposition  to  a  thickness  of  0.126  mm  (5  mils).  Coatings  with  the 
compositions  shown  in  Table  3  were  produced.  These  compositions  were 
selected  to  allow  investigation  of  what  effect  varying  the  chromium 
content  in  the  bulk  coating  has  on  the  oxide  film  composition.  After 
the  application  of  the  coating,  the  specimens  were  given  the  following 
heat  treatment: 

1925°F  (1051°C)--4  h  in  vacuum  (10*4  torr) 

--vacuum  cooled, 

1550°F  (845°C)--16  h  in  argon--argon  cooled. 

This  heat  treatment  is  similar  to  that  given  to  production  coatings. 
Production  parts  allow  for  the  final  step  to  be  done  in  a  vacuum  or 
argon  environment.  After  heat  treatment,  the  coatings  represented 
actual  production  blade  coatings  and  were  in  a  configuration  that  is 
suitable  for  direct  insertion  into  the  XPS  analysis  chamber. 


Table  3.  CoCrAlY  Coating  composition. 


Identification 

Letter 

Coating  Composition* 

(wt%) 

Co  ♦ 

Cr 

A1 

Y 

A 

65.77 

20.64 

13.35 

0.24 

B 

60.15 

28 . 89 

10.72 

0 .23 

C 

54.03 

35.25 

10.32 

0.40 

*  Composition  supplied  by  the  manufacturer. 

+  Cobalt  composition  was  done  by  difference. 


Cobalt  and  Chromium 

Elemental,  oxide-free  cobalt  and  chromium  single  crystals  were 
exposed  to  sulfur  dioxide.  The  crystallographic  orientation  of  the 
exposed  face  of  the  hexagonally  close  packed  ( HCP )  cobalt  was  (0001) 
and  of  the  body  centered  cubic  ( BCC )  chromium  was  (110).  These  two 
orientations  result  in  the  surfaces  exposed  to  the  sulfur  dioxide 
being  the  closest  packed  orientations  for  the  respective  crystal 
types.  The  purities  of  the  cobalt  and  the  chromium  were  99.999%  and 
99.996%,  respectively.  The  main  impurities  were  oxides. 

Between  the  various  exposures  to  sulfur  dioxide  the  specimen 
surfaces  had  to  be  cleaned  of  the  reaction  products.  The  surfaces 
were  ion-bombardment  cleaned  with  500  eV  argon  at  10  (iA/cm2 .  Under 
these  conditions  it  took  approximately  30  min  of  sputtering  to  clean 
one  or  two  layers  of  reaction  product  from  the  surface.  These 
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conditions  were  selected  to  avoid  microf acet i ng  of  the  Cr(110)  surface 
that  more  energetic  conditions  can  cause,  as  described  by  Shinn  and 
Madey32  and  Grant  and  Haas.33 

SULFUR  DIOXIDE  EXPOSURES 
Reaction  Cell 

In  order  to  expose  oxide-free  surfaces  of  the  materials  in 
this  research  effort  to  sulfur  dioxide  gas,  a  reaction  cell  was 
attached  to  the  side  of  the  main  XPS  chamber  (Fig.  12).  Specimens  are 
transferred  from  the  reaction  cell  to  the  main  chamber  through  a  ball 
valve.  A  turbomolecular  pump  is  attached  to  the  side  of  the  reaction 
cell  to  allow  pumping  the  cell  down  to  pressures  in  the  range  of  1 0  - 9 
torr.  In  this  pressure  range  it  should  take  5  to  10  min  to  form  a 
monolayer  of  contaminant  gas  molecules  on  an  otherwise  clean 
surface.34  In  all  of  the  experiments  in  the  reaction  cell  the 
specimens  were  brought  to  temperature  and  exposed  to  the  sulfur 
dioxide  within  5  min  as  a  means  to  minimize  the  build-up  of 
contaminants  on  the  clean  surfaces  before  the  surfaces  could  react 
with  the  sulfur  dioxide.  To  test  the  integrity  of  the  reaction  cell 
to  air  leaks,  test  specimens  were  first  sputter  cleaned  in  the  main 
chamber  and  an  XPS  spectrum  of  the  clean  surface  was  acquired.  If 
there  was  no  carbon  on  the  surface,  and  if  the  oxygen  level  was  not 
greater  than  that  due  to  oxide  particles  normally  present  in  the 
materials,  the  specimen  was  then  transferred  to  the  reaction  cell 
through  the  bail  valve.  These  specimens  were  then  run  through  a 
typical  exposure  cycle  and  then  transferred  bark  into  the  main 
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chamber.  An  XPS  spectrum  was  acquired  and  there  was  no  detectable 
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carbon  on  the  specimens  nor  was  there  an  appreciable  increase  in  the 


amount  of  oxygen  on  the  surface.  This  indicated  that  the  reaction 


cell  was  capable  of  holding  an  acceptable  vacuum  during  the  period 


needed  to  start  the  test  exposures  to  sulfur  dioxide. 


Procedure 


Cobalt  and  chromium  were  exposed  to  sulfur  dioxide  at  two 


pressures.  These  were  1  0  -  4  atm  (75  pmHg)  and  1  atm  (750,000  pmllg )  . 


The  1-atm  pressure  was  used  because  the  work  of  Luthra35  indicated 


that  this  pressure  can  be  reached  at  the  bottom  of  a  corrosion  pit  on 


a  CoCrAlY  coating  where  the  accompanying  oxygen  partial  pressures  are 


very  low.  The  75-pm  pressure  was  selected  because  Furuyama  et  a  1 .  9 , 


Brundle  and  Carley10,  and  N'ehesney  and  Armstrong11  indicate  that  a  low 


pressure  of  sulfur  dioxide  is  needed  to  investigate  the  first  stages 


of  sulfur  dioxide  reaction  with  a  metal  surface.  Pressures  in  the 


range  of  10- 6  aim  would  have  been  more  desirable  for  this  aspect  of 


the  study  but  such  low  pressures  were  not  achievable  with  this 


apparatus.  Tests  were  run  at.  100°,  230°,  and  300°C.  The  temperature 


of  230*0  was  selected  because  it  was  the  highest  temperature  that. 


could  be  achieved  with  this  apparatus  at  1  atm  pressure .  The  other 


temperatures  were  selected  to  study  their  effect  on  the  reaction  rate. 


Sulfate  and  Sulfide  Identification 


During  the  course  of  the  experiments  it  become  necessary  to 


distinguish  between  the  formation  of  sulfate  or  sulfide  species  on  t  h  t 
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metal  surfaces.  The  position  of  the  sulfur  2p  peak  is  useful  in 
identifying  the  formation  of  sulfate  and  sulfides.  The  sulfur  2p  peak 
is  typically  found  at  a  binding  energy  of  approximately  161  eV  when 
present  in  a  sulfide,  and  at  169  eV  when  present  in  a  sulfate.  To 
verify  these  values,  XPS  spectra  of  pure  powder  standards  of  C0SO4, 
CoS,  Cr  j ( SO4 )  3 ,  and  Cr2S)  were  acquired.  These  spectra  were  obtained 
by  averaging  five  20-eV-wide  scans  around  the  XPS  peak  of  interest  and 
correcting  for  the  effects  of  charging  by  referencing  to  the 
adventitious  carbon  peak  of  284.6  eV.  The  sulfur  2p  peak  locations 
were  as  follows:  169.35  e\  in  C0SO4 ;  161.1  eV  in  CoS;  169.1  eV  in 

f  1 1  (  SO  1  )  >;  and  16  1.6  eV  in  CnSi.  These  values  have  an  accuracy  of 
±0.25  eV  .  In  the  work  involving  the  pure  single  crystals,  the  sulfur 
2p  peaks  can  naturally  be  associated  with  the  respective  sulfide  or 
sulfate  form  of  t  he  metal  involved.  This  convenience  is  no  longer 
available  when  dealing  with  coatings  that  contain  both  cobalt  and 
chromium.  While  still  useful  in  determining  that  sulfate  or  sulfide 
spec  1 . •  s  have  formed,  the  sulfur  2p  peaks  as  present  in  the  sulfides 
and  sulfates  of  cobalt  and  chromium  are  too  close  to  be  easily 
discriminated.  In  coatings  containing  these  two  metals,  we  were  able 
to  i dent i fy  the  formation  of  the  respective  sulfates  by  using  the 
2pi  t  peaks  of  cobalt,  and  chromium.  In  the  multiscan  spectra 
acquisitions  described  above,  the  2p  j  *  peaks  of  cobalt  and  chromium 
were  Use  obtained.  The  results  are  given  in  Table  4,  along  with 
values  for  -,ba;t  ard  chromium  i  rt  their  elemental  and  oxide  forms. 


Table  4.  Locations  of  2p3  2  XPS  peaks  for  cobalt 

and  chromium. 


Chemical  State 


2p  3  2  Peak  Location 


Co-el ement  a  1 

CoO 

C0SO1 


777.9* 

780.0* 

782.6 


Cr-e 1 ement  a  1 

Cr  ?0  3 

Cl'  2  [  SO  4  )  3 


574.1* 

576.6* 

578.6 


*  Values  obtained  from  Riggs  et  al . 3 


It  can  be  seen  that  the  2ps  2  peak  differentiates  the  presence 


of  these  three  chemical  states  of  these  two  elements.  When  extracting 


quantitative  information  from  the  spectra  in  the  test  runs,  the 


problem  of  any  peak  overlap  was  handled  by  using  a  peak  synthesis 


routine  to  separate  the  peaks.  The  peak  synthesis  routine  was  more 


complicated  than  usual  due  to  both  the  cobalt  and  chromium  peaks  being 


asymmetric  (Fig.  13).  This  asymmetry  has  been  described  by  Doniach 


ind  Sunjic36  as  being  the  result  of  the  escaping  electron  in  the  XPS 


process  losing'  kinetic  energy  by  interacting  with  electrons  near  the 


Fermi  level.  In  an  XPS  spectra  plot  of  binding  energy  this  results  in 


a  "spreading  nut"  of  the  high  binding  energy  side  of  a  peak.  This 


effect  is  most  prevalent  in  metals  that  have  a  high  density  of  states 


near  the  Fermi  level,  such  as  found  in  the  transition  metals  of  cobalt 


and  chromium.  Since  the  peak  synthesis  routine  used  works  w’ith  only 


gaussian  curves  that,  are  symmetric,  more  than  one  gaussian  had  to  be 


combined  to  arrive  at,  a  computer  simulation  of  the  elemental  cobalt 


and  chromium  peaks  shewn  in  Fig.  13.  In  the  rase  of  cobalt ,  five 


Russians  were  used.  Several  combinations  of  five  gaussians  can  be 
used  to  model  the  shape  of  the  cobalt  spectra,  but  for  the  purposes  of 
this  effort  the  locations  of  the  peaks  were  made  to  correspond  to 
\  a  r  us  features  that  might  be  found  i  ri  or  near  a  Co  2p3  i  peak.  The 
mu.;  r  peak  was  made  to  ,  or  respond  to  the  location  of  elemental  cobalt 
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both  elements  in  their  sulfide  state  are  difficult  to  distinguish  from 
their  oxide  state.  Knowing  that  sulfides  had  formed  based  on  the 
position  of  the  sulfur  2p  peak  was  sufficient. 

CLUSTER  CALCULATIONS 

To  calculate  the  energies  of  one-electron  orbitals  for  the 
various  clusters  of  atoms  to  be  described  below,  a  set  of  computer 
programs  was  used  that  employ  the  SCF-Xa-SW  method.  The  SCF-Xa-SW 
method  is  described  in  detail  in  Appendix  R.  The  computer  programs 
were  obtained  from  the  Quantum  Chemistry  Program  Exchange  located  at 
Indiana  University.  This  software  was  developed  by  Cook  and  Case.37 
\  typical  calculation  begins  with  a  run  of  the  program  XASYMFN  to 
determine  the  symmetry  of  the  cluster.  This  is  followed  by  a  run  of 
the  program  XAINPOT  to  determine  the  starting  potential  of  the 
cluster.  One  or  more  runs  are  made  in  the  ESEARCH  mode  of  the  XASCF 
program  to  find  the  one-electron  energies  to  go  along  with  the 
original  starting  potential.  These  one-electron  energies  are  then 
used  in  another  run  of  XASCF  in  the  SC F  mode  in  order  to  converge  the 
starting  potentials  and  the  energies  in  a  self-consistent  manner. 
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RESULTS  AND  DISCUSSION 


QUANTITATIVE  ANALYSIS  OF  OXIDE  LAYER  ON  CoCrAlY 

The  results  of  the  quantitative  analysis  are  shown  in 
Figs.  16,  17,  and  18  and  are  listed  on  Tables  5,  6,  and  7.  The  data 

plots  show  the  quantitative  analysis  in  weight  percent  on  the 

coordinate  axis.  For  reference,  the  approximate  depth  of  sputtering 

related  to  a  given  sputtering  time  is  also  shown.  This  approximation 
represents  the  depth  of  sputtering  as  derived  from  a  Ta20s  standard 
and  should  serve  as  an  adequate  guide  to  the  depth  of  spvittering  on 
the  coatings.  These  sputter/quantitative, runs  were  made  for  the 
coatings  containing  20,  29,  and  35  wt%  chromium.  They  show  that  the 
initial  oxide  scales  in  all  cases  are  essentially  rich  in  aluminum, 
yttrium,  and  oxygen  with  only  minor  amounts  of  chromium  or  cobalt. 

The  significant  yttrium  in  the  outer  layers  of  the  coatings  is 
interesting;  only  0.2  wt  %  yttrium  is  added  to  the  bulk  coating,  but 
approximately  5  to  6  wt%  is  found  in  the  outer  protective  oxide  scale. 

Preferential  segregation  of  elements  to  the  surface  of  an  alloy  has 
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Table  5.  Surface  composition  of  20Cr  CoCrAlY  as  determined  by  XPS  as  a  function 
of  accumulated  sputter  time. 


Accumu lated 
Sputter  Time 


20 Cr  CoCrAlY  Coating 


Weight  4 


0  Co 


1.9 


1.6  39.1  1.8 

1.3  38.7  1.6 

0.4  38.9  3.0 

0.2  35.1  4.9 

0.3  28.7  9.8 

28.5  12.4 

20.4  14.8 

19.4  20.8 

14.9  18.0 

11.2  23.9 

15.8  24.2 

12.5  25.0 

11.2  25.3 

10.5  25.4 

9.4  28.3 

7.5  30.0 


Composition 


Atomic  % 


Cr  A1 


1.7  40.5 


1.5  41.6 

1.4  41.9 


1.0  40.5 
0.8  43.0 


1.5  43.0 
1.7  40.8 


2.6  41.0 
5.0  38.0 


4.9  34.8 
8.7  38.7 


11.3  28.9 

11.7  40.3 


17.6  33.0 

12.8  29.2 


14.7  32.6 

17.7  31.4 


14.7  36.2 

17.0  32.5 


18.4  33.3 


0 

54 

.5 

53 

.2 

53 

.1 

56 

.3 

54 

.0 

53 

.6 

54 

.3 

51 

.4 

47 

.1 

47 

.9 

37 

.8 

39 

.0 

30 

.0 

25 

.5 

33 

.8 

27 

.7 

25 

.6 

23 

.7 

22 

.3 

18 

.3 

lySSl'W'V'1!! 


Accumu lated 
Sputter  Time 
(min) 


29 Cr  CoCrAlY 


Weight  % 


Coating 


Composition 


Atomic  /<. 


37.5 
32.2 
37.4 
43.0  0.9 


50.0  0.9  39.7 

46.9  0.7  39.0 

44.9  0.7  33.3 

41.9  0.5  31.2 


1.4  41.8  0.6 

0.4  41.4  0.3 

1.8  41.0  0.2 

2.8  39.2  0.2 

3.1  40.3  0.2 

4.1  39.1  0.1 

5.6  42.5 

7.8  46.8 

7.0  35.6 

13.2  26.0 

8.3  40.2 

9.5  35.1 

10.0  34.4 

13.8  27.2 

17.3  25.0 

13.1  32.6 


0 

55. 

7 

60. 

1 

56. 

1 

52. 

4 

53. 

8 

55. 

9 

55. 

1 

55. 

1 

50. 

4 

49. 

0 

.v 
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Table  7.  Surface  composition  of  35Cr  CoCrAlY  as  determined  by  XPS  as  a  function 
of  accumulated  sputter  time. 


APPROXIMATE  DEPTH  OF  SPUTTERING  (ANGSTROMS 


APPROXIMATE  DEPTH  OF  SPUTTERING  (ANGSTROMS  -  10 


The  discovery  of  the  high  concentration  of  aluminum  and 
yttrium  in  the  outer  layers  of  these  coatings,  even  when  the  chromium 
content  is  at  35  wt%,  is  an  important  result  of  this  research. 

Several  studies  (Goward2  and  unpublished  work  of  the  author)  have 
shown  that  increasing  the  chromium  content  of  the  coatings  to  30  or 
40  wt%  from  the  originally  used  20  wt%  dramatically  improved  the  hot 
corrosion  resistance  of  these  coatings.  During  the  open  discussions 
of  both  the  Fourth  and  the  Fifth  Conferences  on  Gas  Turbine  Materials 
in  a  Marine  Environment,  it  was  speculated  that  in  the 

20  wt%  chromium  coatings  the  oxide  scales  which  form  on  these  coatings 
are  a  mixture  of  cobalt  oxide,  chromium  oxide,  and  aluminum  oxide, 
while  in  the  40  wt%  chromium  containing  coatings  the  oxide  scale  is 
predominantly  chromium  oxide.  Thus,  it  had  been  hypothesized  that  in 
high-chromium  coatings  the  formation  of  cobalt  sulfate  would  be 
impeded  by  the  continuous  nature  of  the  chromium  oxide.  The  results 
reported  here,  however,  show  that  the  scales  are  predominantly 
aluminum  and  oxygen  with  a  relatively  high  amount  of  yttrium,  even  at 
the  35  wtX  chromiun  level. 

The  aluminum  and  yttrium  on  the  surface  of  these  coatings  can 
be  present  in  their  separate  oxide  forms  or,  as  indicated  in  the  work 
of  Ramanarayanan , 3 8  as  yttrium  aluminum  garnet.  Consequently,  we 
attempted  to  determine  the  oxide  form  of  aluminum  and  yttrium  in  the 
outer  surface  of  the  CoCrAlY  coatings.  XPS  spectra  were  acquired  of 
yttrium  oxide  and  yttrium  aluminum  garnet  for  comparison  with  the  XPS 
spectra  ..f  t  hr  AlY’s  .  The  peak  locations  given  bv  Riggs  et  al  .  3  1 

for  aluminum  arul  oxygen  as  found  in  aluminum  oxide  were  also  used  for 


comparison.  These  peak  locations  are  shown  in  Table  2.  I'he  oxygen 
and  aluminum  peaks  on  the  CoCrAlY  specimens  were  each  found  to  be  mad< 
up  of  two  overlapping  peaks,  one  major  and  one  minor.  A  computerized 
peak  synthesis  routine  allowed  the  separate  identification  of  these 
peaks,  and  these  data  are  shown  in  Table  2.  Within  the  experimental 
accuracy  (  ±0.25  eV )  o f  locating  the  peak  positions,  the  major 
aluminum  and  oxygen  peaks  seemed  most  eloselv  correlat.it  *  ,  the 
aluminum  and  oxygen  peaks  of  aluminum  oxide,  whereas  t  h<  in  it.,  a  p-  ik- 
nf  these  two  elements  cor  re  la  t  e  to  aluminum  and  n\  \  gen  i  i  r  .  *  *  t  •  uin 

aluminum  garnet.  The  yttrium  3d  5  *  peak  in  t  he  Cot  r  \  i  Y  ■  ..at  r.gs  1  , 

closer  to  yttrium,  as  in  yttrium  aluminum  garnet,  than  it  is  to 
y  t.t  r  i  urn  oxide,  i  .  e  .  ,  0.7  to  1.2  eV  vs  .  1.5  to  2  e\  re  s  pee  t  1  \  e  i  \  .  If 

these  values  were  less  than  0.5  eV,  tin*  confidence  in  the  comparison 

would  be  higher.  For  this  reason  the  yttrium  in  the  CoCrAlY’ s  is 
tentatively  identified  as  being  present  in  the  form  of  yttrium 
aluminum  garnet.  Consequently,  the  protective  oxide  on  these 
CoCrAlY ’s  seems  to  be  predominantly  aluminum  oxide  with  yttrium 
possibly  present  as  yttrium  aluminum  garnet.  Some  cobalt  and  -  hr  .mi  an 


were;  also 

present. 

in  the  analysis  of  the  surface 

••f 

tf.es. 

«  l  V 

coatings; 

however , 

the  amounts  were  low  r e i a  t  1  % . 

t  , 

'  fie  t  U  1 

H  '  •  ' 

composition  and  it.  was  no  possible  to  determine  fr  m  '  te-s*  da*  a  it  '  he 
cobalt  and  chromium  were  present  as  discrete  oxides  fir  w.  re  -  imp;  ; 
contained  within  the  aluminum  oxide. 

The  significance  of  this  high  amount  of  t  *  r  1  am  in  *  tie  s  .  r  ‘  e  •• 
oxide  layers  can  be  appreciated  by  considering  'he  work  t 
Sprague  et  a  I  .  5  and  Hwang  et.  a!.**  They  showed  that  r  fe-  ■.Mr  ,  ,n  ~  r  1  • 


1  e  s  in  t  ho  oxide  srali>  r;in  provide  initiation  sites  common  to 
f  these  coatings  at  which  the  hot  corrosion  process  can  begin, 
irrosion  of  the  yttrium-rich  particles  serves  to  mechanically 
I > t  the  remaining  alumina  scale  and  thereby  expose  the  bulk  of  the 
ng  to  the  hot  eorrosion  process. 

t  ,  the  similarity  of  the  starting  scale  in  all  of  these 
\gs  ,  i  1  )gi.  ;il  proposal  is  that  the  chromium  provides  its  hot 
->  :  ■  n  benefit  ;  r;  slowing  the  propagation  phase  of  the  bulk  coating 
».  .  means  b>  wh  i  •  h  vary  1  rig  the  chromium  content  of  these 

igs  night  '-low  the  propagation  of  hot  corrosi.  can  be  envisioned 
•.widening  r  he  works  of  Lut  hra7  •  ’  on  the  sulfation  of  elemental 


t  aril  ihr<  m  i  uni .  It  has  been  found  that  it  takes  lower  levels  of 
r  l:\ide  t • .  stabilize  a  mixed  low  melting  point  salt  of  cobalt 
i n  sodium  sulfate  than  it  does  for  chromium  sulfate  (or 
1  in.  -ul  fate'.  This  solution  of  the  one  sulfate  in  the  other  is 
-  a r ;  n  rdet  t  ,  promote  and  stabilize  the  formation  of  low 
ig  p  t,  i  e  '  sulfates  which  result  in  the  rapid  dissolution  and 

u  f  the  oa*  : ngs  .  Thus  as  more  chromium  is  added  to  these 
f  •  »’  r.g  -  ,  ’  h-  formation  of  cobalt  sulfate  is  probably 

'  i  ••  fa-.  •  •  .  n  r  oin  i  um  sulfate.  If  so,  then  the  formation  of 

.  t  a-  |  i  -  •  it.  .  m  d  -  »  t  s  needed  for  hot  corrosion  propagation  are 
-  •>  .p;  •  •  s<-  i  n  •  f  ’he  f  jr  mat  i  on  of  cobalt  sulfate 

*  •  •  ■  .  •  •  e  go  ,  r;g  a  •  rigs  with  s  mproved  res  i  stance  to 

1 •  rema.ndet  «*  this  research  was  an 
,  •  ;  i  t  a  I  ’  -  i.  i  t  i  *  e  for  ma  t  ion 


be  correlated  t  >  >  the  properties  of  cobalt  or  chromium  in  their 
unalloyed  elemental)  forms. 

REACT  I  ON  OF  COBALT  AND  CHROMIUM  WITH  SULFUR  DIOXIDE 

To  understand  how  CoCrAlY  coatings  react  with  sulfur  dioxide 
we  studied  how  two  of  the  more  predominant  elements  in  the  coatings, 
'oLa't  and  chromium,  react  with  sulfur  dioxide.  After  sputter 
leaning  from  the  surface  all  oxides  and  carbon  contamination, 

Ci  ((Dull  and  Or  (!’.())  were  exposed  to  sulfur  dioxide  at  pressures  of 
7  f>  mllg  at  230°C  for  various  times.  The  amounts  (in  atomic  percent) 
of  sulfate  and  sulfide  formed  on  the  surfaces  were  calculated  using 
the  sulfur  2p  XPS  peaks  as  described  above.  These  results  were 
plotted  versus  time  in  the  Figs.  19a  and  19b.  The  straight  lines 
through  the  data  points  in  these  plots  were  arrived  at  by  a  linear 
regression  analysis.  For  Cr(110),  sulfide  was  the  predominant 
species.  Some  sulfate  was  present,  even  for  the  1-min  exposure.  Wi 
time  the  amount  of  sulfate  began  to  approach  the  amount  of  sulfide. 
The  Co(0001),  in  contrast,  had  a  much  higher  amount  of  sulfide 
relative  to  sulfate  at  the  1-min  point.  This  could  indicate  that 
Co (0001)  had  less  of  an  activation  energy  than  Cr(110)  to  dissociate 
the  sulfur  dioxide  to  sulfide.  Efforts  to  determine  this  activation 
energy  are  described  below.  With  time  of  exposure  for  the  Co(0001), 
the  amount  of  sulfate  increased,  as  it  did  for  the  Cr(110). 

Sputter  clean  surfaces  of  Co(0001)  and  Cr(110)  were  also 
exposed  to  sulfur  dioxide  at  1  atm  pressure.  Plots  of  at  X  sulfide 
and  sulfate  produced  on  these  surfaces  are  shown  in  Figs.  20  and  21 


s.u  nsocl  xo  opixot 


for  time  of  exposure  at  230°C .  The  major  di fferenor  between  these 
exposures  and  the  7  5  — /Li  m  exposures  was  the  the  occurrence  of  sulfate  as 
the  predominant  species  on  the  surface.  On  Cr(llO)  after  1  min 
exposure  to  1  atm  sulfur  dioxide  there  was  slightly  more  sulfide  than 
sulfate,  but  very  quickly  the  sulfate  exceeded  the  sulfide.  The 
i'o(OOOl)  had  more  sulfate  than  sulfide  even  at  the  1  min  mark. 

To  plot  the  7  5  -p  in  and  1  -atm  data  on  the  same  graph,  a  modified 
t  i  me  line  was  used.  The  number-  of  col  ii  sons  of  sulfur  dioxide  per 
unit  area  per  unit  time  can  be  calculated  from  the  equation: 

#  of  collisions  =  PSo  /  <J~2  m k T 

other  than  time,  the  only  variable  in  these  experiments  was  the 
pr  -ssure  of  sulfur  dioxide.  The  use  of  1  0  *  *  atm  of  sulfur  dioxide  in 
one  set  of  experiments  versus  1  atm  in  the  other  set  means  that  10,000 
more  gas  collisions  occurred  per  unit  time  in  the  1-atm  tests. 
Therefore,  to  create  a  common  time  scale,  all  of  the  exposure  times 
for  the  1-atm  tests  were  multiplied  by  10,000  and  then  plotted 
(Fig.  22)  on  a  log  scale  with  the  unmodified  times  from  the  75-pm 
tests.  As  pointed  out  before,  the  Co(0001)  showed  an  initial  high 
value  of  sulfide  after  1  min  at  75-gm  and  a  steady  decline  from  that 
point  in  favor  of  the  sulfate.  For  the  Cr(110),  the  amount  of  sulfide 
started  to  level  off  after  5  to  15  min  at  75  gm,  and  after  about  30 
min  started  to  decrease. 


Atomic  Z  sulfide  and  sulfate  vs.  time  for  sulfur  dioxid 
exposures  of  Cr(110)  at  1  atm  pressure  at  230°C. 


TIME  (min) 


THESE  VALUES  IN  PARENTHESES  ARE  GIVEN  TO 
SHOW  ADJUSTMENT  FOR  PRESSURE  WITH  TIME 


These  results  are  in  keeping  with  the  proposed  reaction 


mechanism,  which  was: 

Co  +  SOj  - ►CoS  +  C0O2* 

C0O2+  SO2  ►C0SO4 

and 

Cr  +  SO2  - ►  CrS  +  CrC>2* 

CrO 2  +  SO2  ~ —  ►  CrSO 4  t 

where  *  indicates  nonst iochiometry . 

To  determine  if  the  sulfur  dioxide  forms  from  the  oxide 

species,  pre-oxidi zed  Co{0001)  and  Cr(llO)  were  exposed  to  sulfur 

dioxide  at  a  pressure  of  1  atm  and  at  230°C  for  15  min.  The  XPS 

spectra  showed  a  sulfur  2p  peak  in  both  cases  that  was  characteristic 

of  9ulfate.  The  conclusion  is  that  the  sulfate  developed  from  the 

interaction  of  sulfur  dioxide  with  the  oxide  species.  This  result  will 

be  useful  in  analyzing  the  reaction  of  sulfur  dioxide  with  CoCrAlY 

coatings.  A  similar  result  was  obtained  by  Furuyama  et  al . 9  for  the 

reaction  of  sulfur  dioxide  with  pre-oxidized  iron  and  by  Outka  et 

al . 1 «  for  the  reaction  of  sulfur  dioxide  with  pre-oxidized  Ag(110) 

when  heated  to  500  K.  The  fact  that  the  sulfate  forms  by  a  reaction 

of  sulfur  dioxide  with  the  adsorbed  oxygen  indicates  that  the 

decreases  with  time  of  the  sulfide  concentration  in  the  various  plots 

were  probably  due  to  an  attenuation  of  the  sulfide  peak  intensity  by 

the  overgrowing  sulfate  layer. 

KINETICS  STUDY  OF  SULFUR  DIOXIDE  REACTION  WITH  COBALT  AND  CHROMIUM 
The  initial  stage  of  reaction  as  described  above  is 
M  ♦  SO,  - ►  MS  ♦  MO , 


i 


m 

j 


The  effect  of  temperature  on  the  rate  of  this  reaction  was  studied  by 
exposing  Co<0001)  and  Cr(llO)  to  sulfur  dioxide  at  a  pressure  of 
75  pmHg  for  1,  5,  10  and/or  15  min  at  100°and  300°C,  in  addition  to 
the  data  already  discussed  for  230°C.  The  results  of  these  tests  are 
plotted  on  Figs.  23  and  24  with  the  at  %  of  sulfate  and  sulfide  as 
calculated  from  the  sulfur  2p  peak  versus  time.  For  the  Co(0001)  at 
230°C  and  300°C  (Figs.  19b  and  24b)  this  reaction  was  so  fast  (as 
measured  by  at  %  of  sulfide  as  represented  by  the  S  2p  peak)  under 
these  test  conditions  that  the  above  reaction  was  essentially  complete 
before  the  end  of  the  1-min  exposures.  This  was  not  the  case  for 
Cr(110)  (Figs.  19a,  23a,  and  24a).  An  effort  was  made  with  the 
Cr(110)  to  calculate  a  rate  constant  by  assuming  a  first  order 
reaction  (See  Appendix  D).  The  data  show  that  the  rate  constant  was 
about  the  same  at  100°C  and  230°C,  l.lxlO-3  versus  1.2xl0'3  s,  but 
decreased  at  300°C  to  4.6x10'*  s*1.  When  the  slope  of  an  assumed 
linear  relation  of  1/T  vs.  log  k  is  calculated,  a  negative  value  of 
1400  cal/mole  results.  Since  activation  energies  must  be  positive  and 
on  the  ordei  of  kilocalories  to  have  any  validity,  this  value  has  no 
real  meaning.  This  result  and  the  fact  that  this  reaction  on  ('o(OOOl) 
was  complete  wifhin  !  min  means  a  real  difference  cannot,  be  measured 
in  the  change  of  the  rate  constants  for  the  first  stage  of  this 
reaction  (as  shown  above)  for  either  the  Co(000l)  or  the  ('r(llO).  It 
must  be  remembei ed  that  the  ability  to  measure  small  differences  in 
the  rate  constants  was  constrained  by  the  limited  temperature  range 
and  the  pressure  minimum  of  the  experimental  setup  used. 

6  h 


The  second  stage  of  the  reaction  was  described  as 
MO  2  +  SO  2  - ►  MS04 

The  rate  constants  and  the  activation  energy  for  this  react  ion  for 
On ( 0001)  and  Cr(llO)  were  derived  from  the  data  of  at  %  of  sulfate  las 
represented  by  the  S  2p  peak)  shown  in  Figs.  19,  23,  and  24.  ( Sec 

Appendix  D  for  details.  )  The  rate  constants  for  the  Co(0001  )  reaction 

were  3.5xl0-4,  2.8xl0~4  and  6.9xl0-4  s_1  and  for  the  Cr(llO)  were 

8  x 1 0  -  4 ,  l.TxlO-3  and  9xl0-4  s*1  at  100°C,  230°C,  and  300°C 

respectively.  Using  a  linear  regression  analysis  of  log  k  vs.  1/T, 
activation  energies  for  the  Co(000l)  and  the  Cr(110)  of  respectively 
1012  and  689  cal/mole  were  calculated.  As  part  of  the  linear 
regression  analysis  a  correlation  coefficient  of  the  fit  of  the  data 
points  to  the  straight  Line  used  is  also  calculated.  The  correlation 
coefficients  for  the  reactions  were  -0.5  for  the  Co(0001)  and  -0.4  for 
the  Cr(110).  A  value  close  to  1  or  -1  would  mean  that  the  data  are 
highly  correlated  and  would  indicate  a  high  degree  of  confidence  may 
be  placed  in  the  fit  of  the  straight  line  to  the  data.  The  values  of 
-■  .1  and  indicate  low  confidence  in  the  appropriations  of  the 

-  *  ra  .  gt.  t  i  .  ne  fit  *  n  the  data.  Consequent  1  v  ,  the  confidence  in  t  he 

•  1  '  •  r  -  *  »t*-  a  -  d  e  s  r  :  b  1  ng  straight  line  plots  of  log  k  v  s  .  1/T  is 

•  1 1-  •  -  *  1  1  f  t  !  .  .  ;  t  i  •  h  -  U‘  h  1  <  -~e  '  1  1  ies  •  t  ‘he  a  e  t  ]  v  a  t  ;  <t 

'  ■  ■  ’  .  -  '  t  !  .  ‘  ‘  •  ■  •  .  1  '  ;  \  •  ;»•  t  ;  .  1  *  ;  n  1  1  t  f  *  t  ere  e  s 
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Fi  b  \<  !  ( >S  'M-  I  »\  1  Df.' -FRM-  .'rbf\!\  WITH  S  l  l .  1  l  H  DloXlHi 

S  i  iiff  the  irotfcl  up  o\i(ic  scales  on  all  of  t  ho  ('o('r\lN 
coat  i  ngs  were  t  lie  name,  it  was  surmised  that  the  chromium  in  CoCrtl'i 
must  provide  its  hot  corrosion  benefit  in  slowing  the  propagation 
phase  of  the  bulk  coating  attack.  This  process  was  examined  by 
sputtering  off  the  oxide  on  the  20(.'r  and  35Cr  CoCrAlY’s  and  exposing 
them  to  mi]  fur  n:  oxide.  I.uthra35  showed  that  the  environment  at  the 
base  of  a  corrosion  pit  has  a  very  low  partial  pressure  of  oxygen  and 
a  high  pressure  of  sulfur  dioxide  (almost  1  atm).  Thus  as  a 
simp!  it'  ed  m«.<l«-  i  of  the  propagation  phase  of  the  hot  corrosion 
;  ,  '-ess,  !  w '  -,pu*  *  e  t  i' leaned  <  xide-free  OoCrA  1  Y  surfaces  were  exj  n  sod 

t  •  m  -■  .ifi,”  ■  x  •  d»  t  « .  i  various  times  from  1  mm  t  o  1  h  and  in  t  h* 
.  •  •  •  .  .  v  .  In.  Thru  exposures  were  made  at  2  3  0 «(  ,  *  he 

•  I  1  !  !  .  at  Cl-  pr*  Sstlfe  »•  ♦  h  *  ►  :  ‘  ••a  *  ! 


A 


and  Cr  2pa  2 


XPS  pe-aks  from  each  CoCrAlY  could  b<-  used  t 


the  Co  2p  3 ,  2 

find  the  amount  of  o  nba  1  t  sulfate  and  chromium  su  I  i  at  <*  1  1 1  r  nu  1  ■  r ,  •  •  a  t 
CoCrAlY.  The  results  of  the  at  %  of  the  sulfates  t  as  repm-ser,  •  at  -  .1  t 
the  Co  2  p  3 .  2  and  Cr  2p3  2  peak  intensities)  versus  time  of  expos  ;  -  . 
are  plotted  in  Figs.  25  and  26  and  t  he  values  are  given  i  r»  Tat  ;•  8. 

As  expected,  the  20Cr  CoCrAlY  formed  more  enha i t  sulfate  than  t’  " 
sulfate  wh  i  1  o  the  reverse  was  true  on  t  he  3  5Cr  fo'T-A  I  i  .  Uhat  s 
interesting  is  the  ratio  of  cobalt  sulfate  prodm  ed 


Table  8.  "Co-sulfate”  as  in  the  <’o  2p>  2  peak  ami 
’Cr-sul  fate"  as  in  the  Cr  2ps  2  peak  is  produced  .  n  it 
20Cr  and  35Cr  CoCrAlY  for  various  times  of  e-xposum 
at  2  30  °C  to  1  atm  sulfur  dioxide.  Values  1  n_  at  X  . 
f  20Cr  CoCrAlY  1  35('r  CoCrAn 


Time  of 
Exposure 
(min) 

20Cr 

CoCrAlY 

"Co-su 1  fate" 

"Cr-sul fat  e " 

1 

3  .  5 

1  .  1 

5 

4 . 7 

3 . 3 

1  5 

7 .0 

4 .0 

30 

5 . 8 

5.0 

60 

5.6 

4 . 4 

2  40 

“ 

3  5( 

‘ Co - su  I  fat i 


YaJ  uejs  1  ri_ 

3  5('  r  CoC 

1  fa  t  e  "  !  '  C  r 


"Sill  t 


on  the  20Cr  CoCrAlY  versus  that  on  the  35('r  CoCrAn  ami  t  1,.  -  >• 

chromium  sulfate  produced  on  the  35Cr  CoCrAlY  versus  that  or,  t  h  * 
CoCrAlY.  The  ratio  of  cobalt  sulfate  produced  on  20Cr  to  1  h< 
CoCrAlY  is  shown  in  Table  9.  The  average  value  is  2.H  ami  t m 
st  andard  deviation  is  0.6,  indicating  that  between  2  to  t  *  in,  1 
•obalt  sulfate-  was  produced  on  the  200r  CoCrAlY  oompareo  *  ■  Me 
'■  ifAIY.  This  could  mean  that  the  20Cr  CoCrAli  had  2  to  '  *  ■ 

;  r  1  1  t  1  a  t  i  n  g  sites  for  cobalt  sulfate-  than  did  the  3  if  r  Coi'rA: 


tical  photomicrograph  of  20Cr  and  35Cr  CoCrAlY' 


1 


phase  as  a  beta  phas('  with  predom  i  nan  t  (  1  y  ruhalt  and  aluminum  !  hat 
also  i-ontains  some  I'hromium.  In  addition,  t  tie  grey  ■'  i  beta  ph  a  >-  <  • 
described  as  having  the  I'sC  1  struct  me.  The  literature  is  basically 
silent  on  the  350r  ('nfrAlV, 

An  electron  microprobe  determinat  ion  was  made  i  ■  f  the  chemical 
composition  of  both  phases  i n  both  coat  i ngs  .  The  analyses  from  ten 
different  spot  s  were  averaged  for  each  phase.  For  the  20<'r  CoOrAlY 


t  hi' 

white  (alpha 

i)  phase  was  64  at 

%  Co  , 

30  at  %  Cr  and  6  at  1 

£  A  1  , 

and 

t  h  ^ 

da rk  ( be  t  a ) 

phase  was  56  at  % 

Co,  1 

4  at  %  Cr  and  30  at  % 

\1  . 

An 

image  analysis  showed  the  white  phase  to  cover  11.1%  and  the  dark 
phase  88.6%  of  the  coating  surface  area.  For  the  35Cr  OoCrAlY  the 
white  phase  was  46  at  %  Co,  18  at  %  Or  and  6  at  %  A1 ,  and  the  dark 
phase  was  51  at  %  Co ,  20  at  %  Cr  and  29  at  %  AJ .  The  image  analysis 
showed  the  white  and  the  dark  phases  to  cover  40.7  and  59.3%, 
respectively,  of  the  coating  surface  area.  The  composition  of  the 
white  phase  in  the  35Cr  CoCrAlY  indicated  that  a  sigma  phase  had 
formed  iri  this  coating. 

In  the  cobalt/chromium  binary  system  the  sigma  phase  occurs 
within  a  narrow  composition  range  around  50  at  %  Co  and  50  at  %  Cr 
(Am.  Soc .  Metals40).  The  sigma  phase  is  an  i nterme tal 1 i c  compound, 
primarily  involving  transition  metal  elements,  in  which  the  elements 
do  not  occupy  random  Locations  in  the  lattice.  This  ordering  of  the 
sigma  phase  is  described  below.  A  literature  search  did  not  turn  up  a 
good  room  temperature  ternary  phase  diagram  for  the  CoCrAl  system. 
However,  an  examination  of  the  binary  CoCr  phase  diagram  in  the  Metals 
Handbook40  showed  that  at  room  temperature  the  sigma  phase  exists  in 
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equilibrium  with  a  second  phase  of  solid  solution  ohalt  and  <  hr>>nnum 
when  the  chromium  content  is  between  lfi  and  58  at  %.  From  38  ti 
62  at  X  chromium  the  binary  allo>  is  in  the  single  phase  s i gnm  field. 
On  a  ternary  phase  diagram  for  CoCrAl  at  1175°C  (Gupta  et  aj  .  4  1  >  a 
sigma  phase  is  present  in  a  region  where  the  chromium  vanes  from  50 
to  60  at  X  and  the  aluminum  from  0  to  5  at  %.  Based  on  this 
information  it  is  not  unreasonable  to  postulate  that  sigma  phase  may 
be  found  in  CoCrAlY  coatings  with  high  chromium  contents,  and,  if  so, 
that  it  exists  with  a  composition  similar  to  the  composition  of  the 
high  chromium  coating  in  this  study. 

In  the  case  of  sigma  phase  in  the  binary  CoCr  system,  the 
crystal  structure,  as  described  by  (Henry  and  Longsdale42)  is  that  of 
a  tetragonal  unit  cell  (with  a=8.8lA  and  c=4.56A)  containing  30  atoms. 
The  structure  of  the  unit  cell  has  been  described  by  Dickens  et  al . 4  3 
as  hexagonal,  close-packed  sheets  in  the  planes  z=0  and  z-c/2,  which 
serve  as  the  main  layers,  and  with  4  atoms  in  each  of  the  secondary 
planes  at  z  =  c/4  and  z=3c/4.  The  crystal  is  classified  as  being  of  the 
space  group  P4/mnm  which  has  the  arrangement  of  atoms  detailed  in 
Table  10.  For  a  composition  of  13  Co  and  17  Cr  atoms  (i.e.  56.4  at  % 
Cr ) ,  Dickens  et  al . *  3  found  the  Co  and  Cr  atoms  to  order  themselves  at 
the  various  lattice  sites  in  regular  way  with  the  2a  and  the  8il  sites 
(as  described  in  Table  10)  occupied  by  cobalt  and  the  4g  and  8i2  sites 
by  chromium.  The  8j  sites  are  occupied  at  random  by  the  two  elements. 
Since  the  compositon  described  by  Dickens  et  al . 4  3  is  close  to  that  of 
the  sigma  in  the  CoCrAlY  coatings,  the  atom 
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z-  1  /4  c 


z- 3/4  c 


z  =  -  1  /4  c 


0  .  H9 

2.11; 

6  .  6  9 
3  .  M  3 


4  .  9H 

3  .27 


5.54 
-  0 . 3  3 


9.14 


2  .  HO 
•2  .  HO 
1.61 
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8j 

7 . 20 

8j 

1.61 

8j 

2 . 80 

8  j 

-2 . 80 

1.61 
7  .  20 


2  .  2  8 
2  .  2  H 


2  .  2H 
2  .  2  H 
2  .  28 
2 . 2H 


2 . 80 
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or 

Cr 

1 

1  4 

e(, 

or 

t  *  r 

1 

1  4 

Co 

or 

C  r 

1 

1  4 

Co 

o  r 

<  r 

3 

4  2 

Co 

o  r 

Cr 

3 

42 

Co 

o  r 

Cr 

-  1 

1  4 

Co 

o  r 

( *  r 

-  1 

1  4 

Co 

O  I' 

C  r 

*  In  the  tetragonal  unit  cell  the  edge  lengths  are  of  the 

relationship  a  =  b#c;  and  the  interaxial  angles  are  a  -  p  -  7  =90°. 
CoCr  sigma  has  30  atoms  per  unit  cell  with  a=8.81A  and  o=4.56A 
Note  1:  The  dimension  a  is  taken  in  the  x-di rent  ion;  b  in  the 
y-d i roc t i on ;  and  e  in  the  z-di reotion. 

2:  Lattice  site  designations  are  as  per  Henry  and  Lonsdale42 
Lattice  site  occupancies  are  as  per  Dickens  et  a  1 .  4  3 
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phase  i  s  a  solid  solution  of  the  alloying  elements.  Intermetal  1  I r 
compounds  frequent  iy  form  bonds  of  a  covalent  nature,  and  these  bonds 
should  require  a  higher  a.-t  i  vat  ion  energy  to  disrupt  .  As  discussed 
helow,  the  majority  of  the  chromium  atoms  ( See  Figs.  0  and  dl  )  in  the 
sigma  phase  ar  e  n  o t  so  posit  i o  nod  as  t  c  >  provide  convenient  sites  for 
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the  formation  of  a  sulfate  precursor.  Reconstruction  of  the  surface 
would  be  required  to  provide  these  sites  in  the  case  of  sigma,  which 
in  turn  would  require  some  bond  breaking.  Although  the  cobalt  atoms 
in  the  sigma  phase  are  adjacent  to  one  another  in  Figs.  30  and  31, 
most  of  the  d-electrons  that  might  be  used  for  adsorption  are  tied  up 
in  covalent  bonding  with  neighbors  and  unavailable  for  use  in  forming 
adsorption  bonds.  For  these  reasons,  in  the  probability  calculations 
discussed  in  Appendix  F,  any  sigma  that  forms  was  considered  to  reduce 
the  surface  available  for  the  formation  of  sulfates  by  the  direct 
interaction  with  sulfur  dioxide.  The  beta  phase,  being  of  a  CsCl 
structure,  should  be  alternating  planes  of  aluminum  and 
cobalt/chromium.  For  the  purposes  of  the  probability  calculations, 

50%  of  the  total  area  of  beta  phase  exposed  at  the  surface  was 
considered  not  to  form  cobalt  or  chromium  sulfate  and  the  other  50% 
was  assumed  to  represent  planes  of  atoms  with  a  random  arrangement  of 
chromium  and  cobalt  in  proportion  to  these  atoms’  concentration  in  the 
beta.  These  assumptions  were  made  even  though  the  beta  phase  is  also 
an  i n terme ta 1 1 i c  compound,  because  testing  by  Provenzano  et  al . *  5  has 
shown  that  the  beta  phase  can  be  attacked  during  hot  corrosion. 

In  summary,  the  following  basic  assumptions  were  made  in  the 
probability  calculations  of  Appendix  F:  (1)  the  sigma  phase  is  not 

capable  of  easily  producing  a  precursor  state  of  cobalt  or  chromium 
sulfate;  (2)  only  50%  of  the  total  area  represented  by  the  beta  phase 
is  capable  of  producing  cobalt  or  chromium  sulfate;  and  (3)  the  alpha 
phase  is  a  random  mix  of  the  three  major  coating  elements  and  is 
capable  of  producing  cobalt  or  chromium  sulfate.  Based  on  these 


assumptions,  it  was  found  that  in  going  from  the  high  chromium  to  the 
low  chromium  CoCrAlY,  the  likelihood  of  producing  3,  4,  or  5  adjacent 
cobalt  atoms  as  a  precursor  for  cobalt  sulfate  changed  by  factors  of 
2.3,  2.5,  and  2.7,  respectively.  Tn  going  from  the  low  chromium  to 

the  high  chromium  CoCrAlY  the  likelihood  of  producing  3,  4 ,  or  5 
adjacent  chromium  atoms  as  a  precursor  to  the  formation  of  chromium 
sulfate  changed  by  a  factors  of  1.08,  1.1,  and  1.2,  respectively. 

Thus,  this  is  as  a  possible  mechanism  by  which  increasing  the  chromium 
content  of  the  coatings  can  result  in  the  suppression  of  cobalt 
sulfate  formation  without  a  change  in  the  chromium  sulfate  formation, 
as  occurred  in  the  results  presented  in  Figs.  27  and  28  and  Table  9. 
One  benefit  of  adding  chromium  to  the  coatings  seems  to  be  in  the 
formation  of  the  sigma  phase,  which  results  in  the  suppression  of  the 
cobalt  sulfate  that  is  a  critical  component  to  the  low  temperature  hot 
corrosion  process. 

COBALT  CLUSTERS  AS  PRECURSORS  TO  COBALT  SULFATE  FORMATION  ON  CoCrAlY 
A  five-atom  cluster  of  adjacent  cobalt  atoms  (Fig.  32a)  could 
form  a  precusor  state  on  the  surface  of  CoCrAlY  for  the  formation  of 
cobalt  sulfate.  A  five-atom  cluster  would  have  two  sites  between  the 
five  atoms  to  adsorb  the  oxygen  that  is  released  when  sulfur  dioxide 
is  dissociated.  These  two  oxygens  would  then  have  a  spacing  that  is 
fairly  close  to  the  spacing  between  two  coplanar  oxygen  atoms  in 
sulfur  dioxide  (Fig.  32b)  and  a  sulfate  molecule  (Fig.  32c).  Thus  the 
bonding  of  a  sulfur  dioxide  molecule  to  these  two  oxygen  atoms  would 
form  a  good  approximation  jf  a  sulfate  molecule  (Fig.  32d).  The 
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Fig.  32.  Geometry  of  "Co-oxide"  cluster,  SO9,  SO^ ,  and  "Co-sulfate"  cluster 


spacings  and  angles  were  obtained  from  Mingos26  for  sulfur  dioxide, 
from  Cruickshank 4 6  and  Connolly  and  Johnson47  for  sulfate,  and  from 
Carter48  and  Anderson49  for  Co{0001).  Thus  this  arrangement  or 
cluster  of  atoms  would  then  be  ideally  suited  for  the  addition  of  a 
sulfur  dioxide  molecule  that  would  then  be  the  start  of  a  discernable 
sulfate.  Although  it  will  take  much  more  experimental  work  than 
contained  herein  to  prove  what  exactly  is  the  precusor  state  and  how- 
many  different  configurations  will  satisfy  this  requirement,  a  cluster 
calculation  that  builds  on  the  arrangement  of  the  atoms  shown  in 
Fig.  32d  can  prove  informative  and  serve  as  a  starting  point  for 
further  investigations. 


CLUSTER  CALCULATIONS 

In  the  experiments  described  above,  both  the  Co(0001)  and  the 
Cr(110)  reacted  in  a  similar  manner  to  sulfur  dioxide  adsorption  and 
the  reactions  proceeded  without  a  large  difference  in  activation 
energies.  This  result  is  considered  reasonable  due  to  the  close 
proximity  of  these  two  elements  on  the  periodic  chart  and  their 
similar  band  structure,  as  described  by  Varma  and  Wilson.50  It  was 
also  found  that  the  benefit  in  hot  corrosion  resistance  realized  by 
increasing  the  chromium  content  in  CoCrAlY  could  be  attributed  to  the 
onset  of  sigma  phase  formation  and  the  likelihood  of  realizing  minimum 
cluster  sizes  that  facilitate  cobalt  and  chromium  sulfate  formation. 
Rased  on  these  observations  an  activation  energy  difference  is  not 
considered  responsible  for  the  improvement  in  the  hot  corrosion 
resistance  of  CoCrAlY  as  the  chromium  content  increases. 
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Consequently,  it  is  not  of  paramount  importance  to  model  with  a 
cluster  calculation  the  existence  of  an  activation  energy  difference 
to  sulfur  dioxide  adsorption  by  these  two  metals.  Instead,  a  more 
interesting  model  would  describe  the  formation  of  sulfate  by  the 
chemisorption  of  sulfur  dioxide  to  a  cluster  of  cobalt  and  oxygen 
atoms.  This  reaction  is  the  second  part  of  the  mechanism  proposed 
above  as  occuring  for  both  metals  as  the  initiating  step  in  sulfate 
formation.  The  model  would  demonstrate  the  feasibility  of  this 
reaction  step  based  on  theoretical  calculations  and  would  provide 
information  as  to  the  electron  orbitals  involved  in  the  bonding 
process  and  the  direction  of  the  electron  transfer  involved  in  the 
bonding.  Such  a  model  will  create  added  confidence  in  the 
appropriateness  of  the  proposed  reaction  mechanism  and  will  provide  a 
foundation  on  which  to  base  theoretical  studies  of  clusters  of  other 
elements  that  might  resist  the  formation  of  these  sulfates. 

The  cluster  to  be  modeled  (Fig.  33)  builds  on  the  cluster  of 
five  cobalt  and  two  oxygen  atoms  (depicted  in  Fig.  32d)  by  adding  five 
more  cobalt  atoms.  Two  are  used  to  complete  the  hexagonal  pattern  of 
cobalt  atoms  as  would  be  found  on  a  Co(0001)  surface  and  three  are 
added  to  make  a  second  layer  in  the  configuration  of  HCP  cobalt,  which 
will  make  the  cluster  more  representative  of  a  true  surface.  The 
spacings  for  the  cobalt  atoms  were  obtained  from  Brick  e t  a  1 ■  5  1  ;  the 
size  of  the  oxygen  atoms  and  their  position  in  height  above  the  row  of 
seven  cobalt  atoms  were  obtained  from  the  works  of  Marcus  et.  a  l.5  2  and 
Van  Hove  and  Tong53  on  the  adsorption  of  oxygen  onto  nickel.  Nickel 
is  adjacent  to  cobalt,  on  the  periodic  chart  and  the  size  of  the  two 


halt  and  2  oxygen  atoms. 


elements  is  considered  near  enough  to  use  this  reference  data  as  an 
approximation  for  the  cluster  under  study.  The  positions  of  the  atoms 
in  this  cluster  of  ten  cobalt  and  two  oxygen  atoms  are  given  in 
Table  11. 


Table  11.  Atom  positions  in  a  ten-cobalt,  two-oxygen  cluster. 


Atom 

Des ignat ion 

Pos i t i on 

X 

(A) 

V 

(A) 

7. 

(A) 

Cobal t 

A 

0 

0 

0 

B 

0 

2  .  508 

0 

C 

2.172 

1  ,254 

0 

I) 

-2.172 

-1 .254 

0 

E 

0 

-2 . 508 

0 

F 

-2.172 

-1 . 254 

0 

G 

-2.172 

1  .  254 

0 

H 

0.724 

1 . 254 

-2.034 

r 

-1 .448 

0 

-2.034 

j 

0.724 

-1  .254 

-2.034 

Oxygen 

K 

-1  .  448 

0 

2 . 268 

L 

1  .448 

0 

2 . 268 

The  SCF-Xa-SW  method  (Appendix  B)  calculations  used  to  arrive 
at  the  converged  self-consistent  values  of  the  one-electron  energies 
required  extensive  amounts  of  CPU  time  on  a  VAX  11/780  computer.  It 
was  found  that  one  iteration  of  the  85  degenerate  orbitals  during  the 
convergence  part  of  the  calculations  takes  1  hour  of  CPU  time.  After 
60  iterations  the  solution  is  nearing  convergence.  The  energy  values 
for  the  valence  levels  at  this  point  in  the  iterations  to  convergence 
are  listed  in  Table  12.  A  similar  calculation  was  performed  to 
convergence  for  the  simpler  problem  of  a  tetrahedral  cluster  of  four 
cobalt  atoms,  and  the  energy  values  for-  the  valence  levels  of  that 


cluster  are  listed  in  Table  13.  Comparison  of  the  two  indicates  that 
the  larger  cluster  is  nearing  convergence.  Calculations  will  be 
continued  until  convergence  is  reached  and  the  results  will  be 
published  separately. 

Useful  information  can  be  extracted  at  this  point  in  the 
calculations.  As  part  of  the  calculations  a  list  is  made  of  the 
amount  of  charge  for  each  orbital  on  each  atom  in  the  cluster.  The 
atom  or  pair  of  atoms  with  the  most  charge  for  a  given  orbital  gives 
an  indication  of  predominant  atom  or  atoms  with  which  the  orbital  is 
associated.  These  relationships  for  the  valence  levels  are  shown  on 
Table  12.  The  2p  electrons  of  the  oxygen  atoms  lie  at  approximately 
9.8  to  12.7  eV.  They  are  very  near  in  energy  to  the  lowest  unoccupied 


molecular  orbital  of  sulfur  dioxide,  which  Anderson  and  Debnath27 
reported  to  be  9  eV .  These  orbitals  are  probably  the  ones  involved  in 
the  electron  transfer  and  sharing  in  bonding  a  subsequent  sulfur 
dioxide  molecule  to  the  cluster  as  part  of  SO4  formation.  Once 


convergence  is  achieved  the  orbital  contours  can  be  mapped  to  better 
show  this  bonding. 


‘  V 


Table  12.  Approximate  energies  of  degenerate  valence  level 
orbitals  for  a  cluster  of  ten  cobalt  and  two  oxygen  atoms. 


Energy 

(eV) 


Atom { s ) *  with  the  majority  of  charge  for 
each  level  in  order  of  predominance 


26  . 

93 

0 

K, 

0 

L 

26  . 

60 

0 

1., 

0 

K 

1  3  . 

50 

Co 

A 

13  . 

20 

Co 

A 

1  3  . 

05 

Co 

A 

12  . 

90 

Co 

A 

12  . 

84 

Co 

A 

12. 

70 

0 

K, 

0 

1  , 

1  1  . 

40 

0 

K, 

0 

L 

10. 

40 

O 

L, 

0 

K 

10  . 

,  36 

0 

K, 

0 

L 

9  . 

90 

0 

L, 

o 

K, 

9  . 

,  80 

0 

L, 

0 

K 

9  . 

,  50 

Co 

I  , 

Co 

H  ♦ 

9  . 

.  20 

Co 

I, 

Co 

H 

9  . 

,  10 

Co 

I  , 

Co 

H 

9  . 

.  00 

Co 

H, 

Co 

I 

8  . 

.  90 

Co 

I  , 

Co 

H 

8  . 

.  85 

Co 

H, 

Co 

I 

8 

.  80 

Co 

I, 

Co 

H 

8  . 

.  70 

Co 

H, 

Co 

1 

8  , 

.65 

Co 

H 

8 

.  60 

Co 

I  , 

Co 

H  i 

8 

.  57 

Co 

H, 

Co 

I 

8 

.  40  j 

Co 

H, 

Co 

I 

8 

.  36 

Co 

H 

8 

.33 

Co 

H 

8 

.30 

Co 

I, 

Co 

H 

8 

.  28 

Co 

c, 

Co 

G 

8 

.  20 

Co 

H, 

Co 

I 

8 

.  10 

Co 

c, 

Co 

G 

8 

.04 

Co 

G, 

Co 

C 

7 

.97 

Co 

G, 

Co 

I 

7 

.81 

Co 

c, 

Co 

G 

7 

.  79 

Co 

c, 

Co 

G 

7 

.60 

Co 

c, 

Co 

G 

7 

.  57 

Co 

G, 

Co 

C 

7 

.  52 

Co 

c, 

Co 

G 

7 

.  50 

Co 

C 

7 

.45 

Co 

G, 

Co 

C 

7 

.  40 

Co 

G 

Co  A 


Table  12.  (Continued) 


Letter  designations  for  the  atoms  in  the  cluster  are  as  given 
in  Table  10  and  shown  on  Fig.  33. 

The  following  cobalt  atoms  are  symmetry  equivalent: 

R  to  E.  C  to  D.  G  to  F .  and  H  to  J . 


Table  13.  Converged  energies  of  degenerate  valence  level 
orbitals  for  a  tetrahedral  cluster  of  four  cobalt  atoms. 


SUMMARY 


Metallic  coatings  containing  cobalt,  chromium,  aluminum,  and 
yttrium  (CoCrAlY)  are  used  to  improve  the  hot  corrosion  resistance  of 
the  hot  section  blades  and  vanes  of  gas  turbine  engines  that  are 
operated  in  a  marine  environment.  Chromium  is  the  primary  element 
used  in  these  coatings  to  improve  their  hot  corrosion  resistance; 
cobalt  is  the  base  element.  When  cobalt  reacts  with  sulfur  dioxide  in 
the  combustion  gas  to  form  cobalt  sulfate,  the  hot  corrosion 
performance  of  the  coating  can  be  degraded.  By  performing  quantitive 
depth  profiles  with  x-ray  photoelectron  spectroscopy  ( XPS ) ,  the  oxides 
on  CoCrAlY  coatings  with  20  to  35  weight  percent  chromium  were  all 
found  to  be  alumina  with  an  yttrium-rich  phase  that  was  probably 
yttrium  aluminum  garnet.  Because  of  the  similarity  of  the  oxides  on 
these  coatings,  it  was  concluded  that  the  hot  corrosion  benefit 
derived  by  increasing  the  chromium  content  of  these  coatings  must 
result  from  an  improvement  in  the  hot  corrosion  resistance  of  the 
coating  beneath  the  oxide  film. 

To  aid  in  understanding  this  process,  the  reactions  of 
elemental,  single  crystal  Co(0001)  and  Cr(llO)  were  studied.  It  had 
been  hypothesized  that  the  reaction  of  sulfur  dioxide  with  cobalt  and 
chromium  might  proceed  in  two  basic  steps  as  follows: 

1.  SO2  *-2(0)  +  (S)  (on  the  surface) 

2.  2(0)  +  S02  — ►  S0«  (on  the  surface). 

The  first  step  involves  the  dissociation  of  sulfur  dioxide  on  the 
metal  surfaces  with  the  resulting  formation  of  sulfides  and  oxides. 

In  the  second  step,  these  oxides  provide  sites  at  which  additional 


sulfur  dioxide  can  bond  to  the  surface  and  form  sulfates. 


By  using 


\PS  to  study  the  reaction  of  sulfur  dioxide  with  oxide-free  surfaces 
of  single  crystal  Co(0001)  and  Cr(110),  these  steps  were  shown  to 
occur.  The  rates  of  these  reactions  were  found  to  be  similar  for  the 
two  metals,  and  no  appreciable  difference  in  activation  energies  could 
be  determined  with  the  exposures  to  sufur  dioxide  used  of  pressures  of 
75  pinHg  and  1  atmosphere  at  100°,  230°,  and  300°C  for  times  of  1,  5, 

and  15  min.  Cluster  calculations  based  on  the  SCF-Xa-SW  method  were 
used  to  model  the  second  step  of  the  reaction  above.  The  approximate 
energies  of  the  electrons  in  a  cluster  of  ten  cobalt  and  two  oxygen 
atoms  were  calculated,  and  the  electron  levels  most  likely  involved  in 
the  sulfate  formation  were  identified.  Cluster  calculations  are 
planned  to  identify  metals  that  might,  resist  the  sulfate  formation  of 
step  2  . 

The  knowledge  gained  of  how  the  Co(0001)  and  the  Cr(110)  react 
with  sulfur  dioxide  was  used  to  understand  the  reactions  of  sulfur 
dioxide  with  CoCrAlY  coatings.  Oxide-free  surfaces  of  CoCrAlY  with  20 
and  30  wt  %  chromium  were  exposed  to  1  atm  sulfur  dioxide  at  230°C  for 
1,  5,  15,  30,  and  60  min.  The  CoCrAlY  coatings  were  shown  to  form 

sulfates  of  both  cobalt  and  chromium  in  a  manner  similar  to  that 
described  for  Co(0001)  and  Cr(110).  It  was  further  demonstrated  that 
as  the  chromium  content  increased  in  the  coatings,  the  formation  of 
cobalt  sulfate  was  reduced.  Within  the  range  of  chromium  contents 
studied,  the  high-chromium  content  coating  had  formed  sigma  phase 
which  was  not  present  in  the  low-chromium  coating.  In  comparison  to 
the  alpha  and  beta  phases  present  in  the  low-chromium  content  CoCrAlY, 


99 


the  sigma  phase  was  hypothesized  to  be  a  more  difficult  surface  on 
which  to  form  cobalt  or  chromium  sulfate  and  the  onset  of  sigma 
formation  was  considered  one  way  in  which  increasing  the  chromium 
content  of  the  coatings  improves  their  hot-corrosion  resistance. 
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CALCULATIONS  USED  FOR  FREE  ENERGY  CHANGE  OF  REACTIONS 

[f:  Ft  =  free  energy  change  of  reaction  at  temperature  T 

H298  =  heat  of  formation  for  the  reaction 

S299  =  entropy  of  formation  for  the  reaction 

S  2  9  s ( X )  =  standard  entropy  for  X  reactant  or  product 

H(x>  =  standard  heat  of  formation  for  X  reactant  or 
product 

CP(X)  =  heat  capacity  for  X  reactant  or  product 
Then  for  the  reaction  aA  +  bB  =  cC  +  dD ,  where  a,  b,  and  c  are  moles 


and  A,  B,  C,  and  D  are  reactants  or  products,  the  relationship  for  the 
free  energy  change  of  reaction  at  temperature  T  is: 


H  2  9  8  + 


C  p  dT  —  T  S  2  9  9  -  T 


Cp  dT 
T 


where : 


H299  =  d<  Hd)  +  c (  He)  -  a(  Ha)  -  b(  Hb) 

Sa98  =  d[S29s(D) ]  +  c[S29s(C) ]  -  a[S29s(A) ]  -  b[S29s(B) ] 

Cp  =  d [ C  p ( D ) ]  +  c [ C  P { C ) ]  -  a [ C  p ( A ) ]  -  c[CP(B)] 


Note:  Reference  source  is  Kubaschewski  and  Alcock.55 


APPENDIX  B 


THE  SCF-Xa-SW  METHOD  FOR  CALCULATING 
THE  ONE-ELECTRON  ENERGIES  OF  CLUSTERS 

An  excellent  description  of  the  SCF-Xa-SK  method  of  cluster 
calculations  can  be  obtained  by  referring  to  the  works  of  Slater56  and 
Johnson.57  The  following  text  is  a  synopsis  of  that  work. 

The  true  potential  field  of  the  many  electrons  and  nuclei  that 
make  up  a  cluster  of  atoms  is  extremely  complex.  To  solve 
Schrodinger ' s  equation  for  the  energy  of-  electrons  moving  in  such  a 
potential  field,  one  must  develop  a  suitable  model  or  approximation  to 
this  potential  field  that  will  make  the  solution  tractable.  One  such 
approximation  is  to  take  the  potential  field  of  all  the  electrons  and 
the  nuclei  and  replace  it  with  an  averaged  self-consistent  field 
(SCF).  The  Schrodinger  equation  is  then  solved  for  the  case  of  one 
electron  moving  in  the  averaged  potential  field  of  all  of  the  other 
electrons  and  the  nuclei.  The  solution  will  result  in  a  set  of 
eigenfunctions  (wavefunctions  or  spin-orbitals)  and  eigenvalues  (the 
one-electron  energies).  These  spin-orbitals  are  then  "filled”  with 
the  electrons  in  the  cluster  which  then  makes  it  possible  to  compute 
an  electronic  charge  density.  If  the  normalized  spin-orbital  is 
designated  Ui  then  u,ui*  is  the  charge  density  of  an  electron  in  this 
spin-orbital.  If  all  of  the  charge  densities  of  the  electrons  are 
s\immed  and  added  to  the  charges  of  the  nuclei  ,  classical 
electrostatics  can  be  used  to  find  the  electrostatic  potential  energy 
of  an  electron  in  this  field.  This  is  called  the  'coulomb  potential". 


Corrections  must  be  made  to  this  potential  since  it  involves  an 
electron  acting  electrostatically  on  itself  as  well  as  on  all  of  the 
other  electrons.  Obviously,  an  electron  does  not  electrostatically 
interact  with  itself  and  this  se 1 f - interact  ion  must  be  removed  from 
the  coulomb  potential.  This  correction  is  referred  to  as  the  exchange 
correlation  potential.  (It  is  the  "ex"  in  the  word  exchange  from 

which  one  gets  the  "X"  in  SCF-Xa-SW).  It  also  accounts  for  the 
effects  of  antisymmetry  and  Pauli  forces.  Slater58  proposed  that  the 
exchange  correlation  potential  is  proportional  by  a  factor  " a  "  to  the 
one-third  power  of  the  local  electronic  charge  density,  p(r).  (This 
is  the  "a  "  in  SCF-Xa-SW.)  With  this  correction  to  the  potential,  the 
u,'s  can  be  varied,  and  Schrodinger ' s  equation  can  be  solved  again  and 
a  new  potential  calculated.  With  the  new  potential  field  a  new  set  of 
u,’s  can  be  calculated.  This  iterative  procedure  (first  used  by 
Hartree59)  can  be  continued  until  no  appreciable  change  occurs  in  the 
potential.  (It  is  from  this  that  the  term  self-consistent  field  (SCF) 
arises.)  The  resultant  potential  field  and  the  uj’s  used  with  the 
Schrodinger  equation  will  result  in  the  final  estimate  of  energy 
values  for  the  one-electron  orbitals. 

The  actual  application  of  this  method  to  a  cluster  of  atoms 
involves  breaking  the  space  in  and  around  the  cluster  into  three 
regions.  This  has  been  described  by  Johnson57  for  a  cluster  of  four 
atoms  and  is  depicted  in  Fig.  35. 


Region  1  : 


At  omi  o- -The  regions  u  1  t  h  1  ri  spheres  around 
each  atom  in  the  .luster  .  These 
regions  .-an  he  slightly  o\f flapping 
or  nonoverlapping. 

Region  2 : 

Intpratonuc--Thi>  region  between  the  spheres  of  the 
atomic  regions  surrounding  each  atom 
and  the  outer  sphere  surrounding  the 
entire  cluster. 

Reg i on  3 : 

Cluster  Exterior — The  region  external  to  the  outer 

sphere . 
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Fig.  35.  Regions  of  a  cluster. 


A  further  simplification  involves  using  spherical  zones  (broken 
circles)  within  the  interatomic  zone  2. 

The  one-electron  Schrodinger  equation  (in  Rydberg  units)  is 
[-  V2  +  V(r)]  i p{r)  =  E  i//Cr),  which  must  be  solved  in  each  of  the  three 
regions  for  a  local  potential  energy  function  of 


^  (  r  )  =  ^  c  (  r  )  +  V  \a  (  r  )  ,  where  V  c  (  v  )  is  the  ooiilombir  oontri  but  ion  and 
V  xa  (  r  )  =  -6a  [  <  3  /  8  7r  )  p  ( F)  ]  1  3  is  the  \a  statistical  approximation  to 
exchange  correlation.  The  calculation  is  started  by  expanding  the 
potential  at  any  arbitrary  point  r  of  the  cluster  as  a  superposition 
V(r)  =  £  V  j  (ir-Rjl)  of  free-atom  SCF-Xa  potentials  centered  at 

j 

positions  R;,  where  j  is  the  index  for  each  of  the  atoms  in  the 
cluster.  Herman  and  Ski  liman60  generated  the  original  free  atom 
potentials  which  have  been  modified  to  use  the  Xa  exchange  correlation 
scaling  parameter.  The  potential  energy  in  each  region  1  is  expanded 
by  superpositon  of  spherical  harmonics.  (See  Johnson57  for  complete 
details.)  In  this  expansion  the  first  term  includes  the  contribution 
from  the  atom  in  the  region  1  of  interest  and  the  spherically  averaged 
contribution  of  all  the  other  atoms  in  the  region.  Thus,  this  method 
includes  the  first  order  effects  of  overlapping  potentials.  In  region 
2  the  potential  can  be  spherically  averaged  inside  the  spheres 
described  by  the  broken  circles  in  Fig.  35,  or  in  many  cases  an 
average  of  the  potential  in  region  2  is  sufficient  and  will  result  in 
a  constant  interatomic  potential  energy.  In  region  3  a  spherical 
average  of  the  potential  with  respect  to  the  center  of  the  cluster  is 
used.  This  partitioning  of  space  into  zones  of  spherically-  and 
volume-averaged  potentials  allows  for  the  mathematical  representation 
of  wave  functions  as  composite  partial  wave  representation.  The  wave 
function  can  then  be  dealt  with  as  an  expansion  of  terms  that  allow 
for  a  numerical  int.ergration  solution  to  Schrod  inger  ’  s  equation  (See 
Johnson57  for  details).  The  wave  functions  and  their  first 
derivatives  are  joined  continously  throughout  the  various  regions  of 


the  cluster.  The  SW  term  in  the  title  of  the  method  comes  from  the 
fact  that  the  wave  function  in  the  interatomic  region  is  built  up  with 
the  scattered  waves  (SW)  from  the  various  atomic  sites.  The  solution 
of  Schrodinger ' s  equation  becomes  a  set  of  secular  equations  which  are 
solved  numericaly  for  energies  and  wave  functions.  The  procedure  is 
repeated  using  the  wave  functions  to  generate  a  new  electronic  charge 
density,  which  in  turn  is  used  to  generate  a  new  potential.  The  new 
potential  is  volume  averaged  in  the  intersphere  region  and  is 
spherically  averaged  inside  the  atomic  and  interatomic  spheres  and  in 
the  cluster  exterior.  This  potential  is  then  averaged  with  the 
potential  from  the  previous  iteration  and  this  average  is  used  as  the 
input  potential  for  the  next  iteration.  The  process  is  continued 
until  the  potentials  and  the  charge  density  achieve  self-consistency. 


APPENDIX  C 


SPUTTER  RATE  STANDARD  PREPARATION  PROCEDURES 

A  1000  A  anodized  tantalum  specimen  may  be  prepared  in  the 
following  manner: 

a.  Polish  two  0.125-mm  foils  of  tantalum  by  dipping  them  for 
up  to  1  or  2  seconds  in  an  acid  solution  (59.0%  H  2SO4  t 
17.0%  HF,  23.5%  UNO 3 ) . 

b.  Pass  the  samples  through  two  rinses  of  deionized  1I20. 

c.  Blow  them  dry  with  N2. 

d.  Using  one  polished  foil  as  an  anode  and  another  as  a 
cathode,  apply  0.66  V  dc  between  them  while  they  are 
suspended  in  an  electrolyte  (94.3%  deionized  II20, 

5.7%  HNO3).  One  of  these  plates  is  sufficiently 
anodized  when  the  current  drops  to  zero. 

e.  Rinse  the  "gold"  anodized  specimen  in  acetone.  The  gold 
color  indicates  1000  A  of  Ta20s. 

d.  Blow  the  specimen  dry  with  N2. 

Note:  This  procedure  was  obtained  from  the  operating  manual  for 
the  Phi  Electronics  Sputter  Gun. 


APPENDIX  D 


FIRST  ORDER  REACTION  RATE  CALCULATIONS 
Assuming  a  reaction  of  the  form: 
aA  +  bB  - ►  cC  , 

where  a,  b,  and  c  are  moles,  and  A,  B,  and  C  are  products  or 

reactants,  then  for  rates  of  reaction  we  have: 

J_  d  [  C  ]  =  -_1_  d  [  A  1  =  -_1_  d  [  B  ] 
c  dt  a  dt  b  dt 

where  A,  B,  and  C  represent  concentration  of  products  ore  reactants, 
ff  we  assume  the  reaction  is  first  order  in  concentration  of  C  and 


e  is  I ,  then : 

d  [  C  ]  =  k  (  C  ) 
dt 

d [ C ]  =  k  dt 
C 


where  k  is  the  rate  constant,  and 


If  t i  =  60  seconds 

In  C  -  In  Ci  =  k(t  -  ti)  =  k ( t  -  60  sec) 

1  n  C_  =  k{t  -  60  sec) 

Ci 


C  =ek<l  "  60  *  * c  > 
C~i 
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ML 


V  >, 


C  -  r1ek<‘  -  60  sec) 

log  C  =  k ( t  -  60  see)  +  log  C 
2.303 

Thus,  for  a  plot  of  log  C  vs.  (t.  -  60  sed,  if  a  straight  line 
results,  its  slope  =  k/2.303. 

This  slope  is  obtained  by  assuming  a  straight  line  result  and 
performing  a  linear  regression  analysis  of  the  data:  log  O  vs. 

( t  -  60  sec).  This  gives  values  of  k  in  units  of  sec  1  .  If  the 
reaction  is  assumed  to  follow  an  Arrehrni  us  type  relation  with, 
temperature  then: 

-Ea/RT 

k  -  Ae  , 

where  Ea  is  the  activation  energy,  R  is  the  universal  gas  constant 
and  A  is  a  constant. 

If  a  plot  of  log  k  vs.  1/T  gives  a  straight  line,  then  the 
activation  energy  for  the  reaction  =  -2.303  (R)  (slope). 

Ea  is  in  units  of  eal/mole  if  T  is  in  Kelvins  and  k  is  in  sec 

Note:  Reference  source  is  Daniels  and  Alberty.61 


APPENDIX  E 


PROBABILITY  CALCULATION  OF  VARIOUS  SIZE  CLUSTERS 

If  one  imagines  a  large  enough  pool  of  atoms  such  that  for  a 
given  concentration  of  one  type  of  atom  the  probability  of  drawing 
that  atom  from  the  pool  never  significantly  changes,  then  the 
probability  on  a  surface  of  having  two  adjacent  sites  occupied  with 
the  same  type  of  atom  is  the  joint  probability  of  drawing  two  of  the 
same  type  of  atom  in  succession  from  the  pool  of  atoms. 

For  a  mixture  of  56  atomic  %  Co,  20  atomic  %  Cr ,  and 
24  atomic  %  41  the  random  probability  of  getting  two  adjacent  Cr  atoms 
on  a  surface  is: 

0.2  x  0.2  =  0.04 

For  a  mixture  of  46  atomic  %  Co,  34  atomic  %  Cr,  and 
19  atomic  %  Al ,  the  probability  is: 

0.34  x  0.34  =  0.1156 

The  increasing  likelihood  of  getting  two  adjacent  Cr  atoms  on 
going  from  20  to  34  atomic  %  Cr  is: 

0.1156  _  2.9 
0 . 04 


Likewise,  the  respective  probabilities  for  a  cluster  of  three 


adjacent  Cr  atoms  with  these  two  compositions  are  0.008  and  0.039. 

The  increasing  likelihood  of  getting  three  adjacent  Cr  atoms  on  going 
from  20  to  34  atomic  %  Cr  is: 

0.039  _  4 . 9 

0.008 

For  the  case  of  Co  with  the  56  atomic  %  composition,  the 
probability  of  getting  a  two-atom  cluster  is  0.3136;  with  the 
46  atomic  %  Co  composition  the  probability  is  0.2116.  Therefore,  the 
increasing  likelihood  of  getting  two  adjacent  Co  atoms  on  going  from 
46  to  56  atomic  %  Co  is  1.48 

Again  for  the  case  of  Co,  with  the  56  atomic  %  Co  composition 
the  probability  getting  a  three-atom  cluster  is  0.175;  with  the  46 
atomic  %  Co  composition  the  probability  is  0.097.  Therefore,  the 
increasing  likelihood  of  getting  three  adjacent  Co  atoms  on  going  from 
46  to  56  atomic  %  Co  is  1.79. 
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APPENDIX  F 

EFFECT  OF  SIGMA,  BETA,  AND  ALPHA  PHASES  IN  OoCrAlY 
ON  PROBABILITY  CALCULATIONS 

Basic  assumptions: 

1.  The  sigma  phase  doesn’t  produce  any  sulfates. 

2.  The  chromium  in  the  beta  phase  substitutes  for  Co  in 
a  random  manner  on  the  CoCr  phase. 

3.  In  the  beta  phase  there  is  a  50%  chance  of  having  a 
plane  that  is  predominant  in  aluminum  at  the  surface. 

4.  In  the  alpha  phase  the  atoms  occupy  the  lattice  sites 
at  random. 


G i ven  facts: 

1.  In  the  20Cr  CoCrAlY  the  phase  distribution  at  the 
surface  is  88.6%  beta,  11.4%  alpha,  and  0%  sigma. 

The  composition  of  the  beta  phase  is  56  atomic  %  Co, 

11  atomic  %  Cr,  and  30  atomic  %  41 .  The  composition  of 
the  alpha  phase  is  64  atomic  %  Co,  30  atomic  %  Cr,  and 
6  atom i c  %  A 1 . 

2.  In  the  35Cr  CoCrAlY  the  phase  distribution  at  the 
surface  is  40.7%  sigma,  59.3%  beta  and  0%  alpha.  The 
composition  of  the  sigma  phase  is  46  atomic  %  Co, 

48  atomic  %  Cr,  and  6  atomic  %  Al.  The  composition  of 
the  beta  phase  is  51  atomic  %  Co,  20  atomic  %  Cr,  and 
29  at  om i o  %  A  1  . 
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Using  these  assumptions  and  facts: 


•For  the  2  0Cr  CoCrAlY  the  probability  of  getting  three 
adjacent  atoms  of  cobalt  is: 

in  the  alpha  phase 

(%  of  cobalt  in  alpha) 3  x  %  of  alpha  phase  at  surface 

(0.64 ) 3  x  (0.114)  =  0.030 
in  the  beta  phase 

(%  of  Co  in  CoCr  plane  in  beta)  3  x  %  of  CoC'r  planes  in  beta  x  %  of 
beta  phase  at  the  surface 

(0.8) 3  x  0.5  x  0.886  =  0.227 

Total  probability  of  getting  three  adjacent  atoms  of  cobalt  is: 

0.227  +  0.030  =  0 . 257 

•For  the  35Cr  CoCrAlY  the  probability  of  getting  three 
adjacent  cobalt  atoms  is: 

in  the  beta  phase 

(%  of  Co  in  the  CoCr  plane)3  x  %  of  CoCr  planes  in  beta  x  %  of  beta 
phase  at  surface 

( 0 . 7 2  )  3  x  0.5  x  0.59  3  =  0.11 

Total  probability  of  getting  three  adjacent  atoms  of  cobalt  =  0.11. 

Consequently,  the  increased  likelihood  in  going  from  35Cr  to  20Cr 
CoCrAlY  of  getting  a  three-atom  cluster  of  Co=0. 257/0. 11=2.3. 
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•For  the  20Cr  CoCrAlY  the  probability  of  getting  three 
adjacent,  atoms  of  chromium  is: 

in  the  a 3_ph a  p  h a se 

(%  of  Cr  in  alpha)3  x  %  of  alpha  phase  at  the  surface  = 

( 0 . 3 ) 3  x  0.114  =  0.003 
in  the _ h eta  phase 

(%  of  Cr  in  CoCr  phase) 3  x  %  of  CoCr  planes  in  beta  x  %  of  beta  ph 
at  the  surface  = 

(0.2)  3  x  0.5  x  0. 886  =  0 . 003 

Total  probability  of  getting  three  adjacent  chromium  atoms  = 

0.003  +  0.003  =  0 . 006 

•For  the  35Cr  CoCrAlY  the  probability  of  getting  three 
adjacent  atoms  of  chromium  is: 

in  the  beta  phase 

(%  of  Cr  in  the  CoCr  plane)3  x  %  of  CoCr  planes  in  beta  x  %  of 
beta  phase  at.  the  surface  = 

(0.28) 3  x  0.5  x  0.593  =  0.0065 
Total  probability  of  getting  three  adjacent  chromium  atoms  = 

0.0065 


Consequently  the  increased  likelihood  in  going  from  35Cr  to  20Cr 
CoCrAlY  of  getting  a  three-atom  cluster  of  Cr=0. 0065/0.006=1 .08 
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2.  Departmental  reports,  a  semiformal  series,  contain  information  of  a  preliminary, 
temporary,  or  proprietary  nature  or  of  limited  interest  or  significance.  They  carry  a 
departmental  alphanumerical  identification. 

3.  Technical  memoranda,  an  informal  series,  contain  technical  documentation  of 
limited  use  and  interest.  They  are  primarily  working  papers  intended  for  internal  use. 
They  carry  an  identifying  number  which  indicates  their  type  and  the  numerical  code  of 
the  originating  department.  Any  distribution  outside  DTNSRDC  must  be  approved  by 
the  head  of  the  originating  department  on  a  case-by-case  basis. 
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